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INTRODUCTION 
Characterization of complex soil properties can be 
simplified, if the soil can be separated into fractions that 
are less heterogeneous than the unfractionated soil. Such a 
separation can be made when soil is divided into fractions on 
the basis of the size of the individual soil particles. The 
steps that must be taken to isolate soil particle-size frac­
tions are dispersion of the soil into primary particles and 
separation of the primary particles into size fractions. 
Characterization of soil particle-size fractions enables 
properties of the whole soil to be attributed to a given size 
fraction, and allows evaluation of processes occurring in soil 
by relating the change in a soil component to the change in 
size of individual soil particles. 
Characterization of the mineral constituents of a soil 
only after the soil has been separated into particle-size 
fractions is a widely accepted practice. The major reasons 
for this practice can be summarized as: 
1. Qualitative and quantitative mlneraiogical analyses of 
soils are aided by particle-size fractionation. 
Separation of soil Into particle-size fractions re­
sults in a partial segregation of mineral species. 
Techniques used for mlneraiogical analyses often 
yield incomplete or misleading results if the material 
analyzed has not been fractionated on a particle-size 
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basis (Bray, 1937i Jackson and Hellman, 1941; Hellman, 
Aldrioh, and Jackson, 1942; Jackson, 1956), 
2. Definite relationships exist between the particle-
size distribution of various mineral species found in 
soil and the nature of the weathering processes that 
have taken place. There is a minimum size at which a 
mineral of a given stability can exist in a given in­
tensity and time of weathering; consequently, the size 
at which extinction of a given mineral occurs pro­
vides a measure of weathering Intensity and time of 
weathering (Jackson, Tyler, Willis, Bourbeau, and 
Pennington, 1948). The species of minerals present 
in a specific size fraction of a soil are determined 
by the extent of weathering. A weathering sequence 
for silt-size minerals has been proposed by Graham 
(1940, 1949) and a sequence for clay-size minerals 
has been proposed by Jackson (1964), 
3. In a given soil profile, nonuniform!ty of parent 
material can be established by an abrupt change, with 
depth, in the particle-size analysis of nonclay-slze 
fractions or by a change in the content, with depth 
and within a given particle-size fraction, of one or 
more of the mineral species that are resistant to 
weathering (Barshad, Z964), 
The dispersion procedure used for separation of particle-
size fractions from soil for mlneraloglcal analysis is 
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described by Jackson (1956» p. 30-75)» The chemical treat­
ments in the dispersion procedure remove soil organic matter, 
oxides and hydroxides of iron and manganese, noncrystalline 
iron, aluminum, and silicon, carbonate and sulfate minerals, 
and divalent exchangeable cations. However, if soil could be 
separated into partlele-size fraction without removal of these 
materials, it is entirely possible that some of these soil 
materials could also be studied to advantage on a particle-
size basis. 
The participants in a recent study week on organic matter 
and soil fertility sponsored by the Pontifical Academy of 
Sciences called for this kind of basic research. In the final 
statement they wrote "Basic research is needed on the mechan­
isms of interaction of the constituents of soil organic matter 
with soil particles of different textural and mineralogical 
compositions" (Alexander, Baver, Bradfield, and others, I968). 
Generally accepted concepts about the organic matter associated 
with soil partlcle-slze fractions are that the organic material 
in the sand fraction is undscomposed or partly decomposed plant 
and animal residues that exist independently of any mineral 
particles, and that the organic material in the clay fraction 
is humified and is combined with mineral material and not 
separable from it by physical means. The importance of the 
combination of mineral and organic matter in the clay fraction 
has been the subject of a great deal of speculation that cul­
minated in a reference to the union of mineral and organic 
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matter (to form the organo-mineral complex) as a synthesis as 
vital to the continuance of life as photosynthesis (Jacks, 
1963), It Is well established that the association of clay 
and organic matter has a great effect on the physical, chemi­
cal, and biological properties of soils (e.g., soil structiire, 
cation-exchange capacity, availability of plant nutrients, 
biological stability of soil organic matter, etc.). The 
properties of artificially prepared clay-organic matter com­
plexes have been studied in great detail, but little work has 
been done on natural clay-organic matter complexes separated 
from soil. The most recent reviews of this subject are by 
Greenland (1965a, 1965b) and Mortland (I97O). The Importance 
of basic research on clay-organic matter complexes has been 
apparent for a long time, but such research has been dis­
couraged the lack of methods for isolating these complexes 
from soils without serious modification of their properties 
and has been severely limited by the meager knowledge of the 
chemical structure of soil humus (Greenland, 1965%; Mortland, 
1970). Soil humus has proved difficult to characterize because 
of Its complex chemical nature and because it can be separated 
from unhumifled organic matter and mineral constituents of 
soils only with much difficulty and with considerable uncer­
tainty regarding possible alteration of structure due to 
separation processes. 
Recent work by Edwards and Bremner (1964, 1967a) suggests 
that the obvious problems in isolating particle-size fractions. 
5 
including clay-organic matter complexesi from soils have been 
overcome with the development of ultrasonic vibration tech­
niques for dispersion of soils. With the ultrasonic vibration 
technique, Edwards and Bremner (1967a) claim that soil can be 
fully dispersed without the use of oxidants, acids, or dis­
persing reagents by subjecting an aqueous suspension of the 
soil sample to ultrasonic vibration. They also claim that 
only trace amounts of soil organic matter or inorganic material 
are dissolved. Subsequent attempts at dispersion of soils with 
ultrasonic vibration by Saly (I967)» Bourget (I968), and 
Emerson (1971) were not as successful as those of Edwards and 
Bremner (1967a) and raised questions about the use of ultra­
sonic vibration for dispersion of soils. 
With these considerations in mind, the following general 
thesis objectives were established: 
1. Develop and evaluate a procedure for the isolation 
of sand-, silt-, and clay-size fractions from soils 
using ultrasonic vibration to disperse the soils. 
2. Perform a broad characterization of sand-, silt-, and 
clay-size fractions isolated by the procedure de­
veloped, but place special emphasis on the nature of 
the organic material associated with the fractions. 
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PART I. ISOLATION OF SAND-, SILT-, AND 
CLAY-SIZED FRACTIONS OP SOILS 
Isolation of partlcle-slze fractions from soil Involves 
two successive steps. First, the soil must "be completely dis­
persed into its component particles. Second, after dispersion 
has been accomplished, the soil must be separated into groups 
of particles having certain upper and lower size limits by 
sieving and sedimentation procedures. 
If the characterization studies on soil particle-size 
fractions are to bs valid, that is, if the fractions separated 
are to contain only particles within defined upper and lower 
size limits, certain requirements must be met by the proce­
dures used to isolate the fractions from the soil. These 
procedural requirements are* 
1. Effect complete dispersion of the soil. A completely 
dispersed soil is one in which all the primary par­
ticles have been separated from each other without 
causing either a decrease or an increase in the size 
of each discrete particle. It should be realized that 
there Is no absolute way of determining when you have 
achieved complete dispersion of a soil. Dîspsrsion 
procedures are all relative and any proposed proce­
dure should be evaluated by comparison to an accepted 
and established dispersion procedure. If complete 
dispersion of the soil is not achieved, an aggregate 
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containing many small particles will be separated 
as If It were a large particle, 
2. Produce a stable soil-water suspension. Sedimenta­
tion procedures can be applied only If colloidal 
particles settle Independently from a stable suspen­
sion. 
3. Leave all soil constituents unaltered. Any character­
ization of soil particle-size fractions is meaningless 
if soil constituents have been altered during the iso­
lation procedure. 
Perform quantitative separation of soil particles 
into fractions having specific size limits. 
5. Insure complete recovery of initial soil material. 
The latter two requirements depend on the physical tech­
niques used to make the particle-size separations. Careful 
adherence to a described separation procedure (Jackson, 1956, 
p. 100-165) will satisfy these requirements* The first three 
requirements are much harder to satisfy and depend primarily 
on the procedure used to disperse the soil. 
The process of soil dispersion Includes initial disrup­
tion of the bonds that hold individual soil particles together 
into aggregates and subsequent prevention of soil colloids 
from forming floccules (a cluster of colloidal particles held 
together by electroklnetlc forces). The agents responsible 
for the bonds that aggregate soil particles are referred to as 
"cementing agents" and Baver (1956» p. 48) lists organic matter, 
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colloidal clay, and dehydrated colloidal oxides of iron and 
aluminum as cementing agents commonly found In most soils. 
Jackson (1956, p. 30) considers gypsum, calcium carbonate, 
colloidal silica, colloidal alumlnoslllcates, and manganese 
dioxide as additional agents which might aid in the bonding 
of individual soil particles into aggregates. The agents re­
sponsible for aggregation occur in varying amounts and propor­
tions in different soil types,and in some soils several of the 
cementing agents listed may be completely absent. It is also 
known that certain cementing agents produce stronger aggregat­
ing bonds than others, as soils containing large amounts of 
organic matter have been found to be particularly difficult to 
completely disperse (Baver, 1956, p. 49). Therefore, the ease 
with which a soil can be dispersed will depend on the type and 
amount of cementing agent present. To accomplish complete 
dispersion of a soil, a sufficient level of energy must be 
applied to the soil to disrupt the strongest of the aggregating 
bonds. In actual practice it has proved impossible to accom­
plish complete dispersion without also causing a concomitant 
decrease in the size of certain discrete particles. 
Various mechanical and chemical dispersion techniques 
have been used to rupture the bonds that hold soil particles 
into aggregates, and saturation of soil exchange-capacity with 
sodium has been used almost universally to promote suspension 
stability and to prevent formation of floccules after initial 
dispersion. 
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Mechanical dispersion techniques used Include stirring 
Tv hand or with high-speed mixers, shaking with reciprocating 
or end-over-end shakers, triturating, and boiling, although the 
latter two techniques are not in common use. Chemical disper­
sion techniques used include treatments with dilute acids or 
sodium acetate buffer (pH 5«0) to remove calcium carbonate 
and exchangeable divalent cations followed by treatments with 
hydrogen peroxide or sodium hypobromite to remove organic 
matter. The hydrogen peroxide treatment will also remove any 
manganese dioxide that may be present. In addition, numerous 
techniques (e.g., treatmènts with oxalic acid-sodium sulfide, 
nascent hydrogen, and sodium dithlonite-sodium citrate) 
have been devised to remove iron and aluminum oxides. The 
final chemical treatment is designed to saturate the soil ex­
change capacity with sodium and usually takes the form of addi­
tions of sodium polyphosphate (widely referred to as sodium 
hexametaphosphate or by the trade name "Calgon") or sodium 
carbonate. Even if all of the above treatments are applied to 
a soil, complete dispersion is not guaranteed. At the conclu­
sion of his lengthy discussion on soil dispersion, Jackson 
(1956, p. 72) writes 
Dispersion of the soil samples has been promoted by the 
removal of soluble electrolytes and divalent exchange­
able cations, by the removal of the cementing materials 
such as organic matter and free oxides of iron and man­
ganese, and by the removal of some free silica and 
alumina. Soil samples which have been given dispersion 
treatments similar to the foregoing sometimes still con­
tain compound particles (aggregates) of clay in the fine 
silt fraction. 
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Baver (1956, p. 5^) makes the following concluding statement 
about complete soil dispersion 
It is obvious that the removal of cementing and floc­
culating agents, vigorous mechanical shaking or stir­
ring, and the addition of an effective peptizing agent 
are all essential to obtain the maximum amount of clay 
in suspension. 
In sharp contrast to the opinions of Baver (1956, p. 5^) 
and Jackson (1956, p. 72) are those of Edwards and Bremner 
(1967b)0 who have concluded that the compound particles in 
soils can be dispersed merely by supplying sufficient energy 
to rupture the bonds responsible for the particular type and 
degree of aggregation. The basis for this conclusion is the 
finding by Edwards and Bremner (1964, 1967a) that subjecting 
an aqueous suspension of soil to ultrasonic vibration will 
produce complete dispersion without chemically removing 
aggregating cements or adding peptizing agents. They also 
found that ultrasonlcally dispersed soils yield stable sus­
pensions and that dispersion can be accomplished without 
dissolution of more than trace amounts of organic or in­
organic materials. 
Since the work of Edwards and Bremner (1964, 1967a) there 
has been renewed interest in dispersion of soils by ultra­
sonic vibration but the results of other workers (Saly, 1967? 
Bourget, I968; Emerson, 1971) have not been nearly as con­
vincing as those of Edwards and Bremner (1967a), 
In spite of this uncertainty concerning the effective­
ness of ultrasonic vibration, it is clear from the preceding 
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discussion of soil dispersion that the only procedure which 
can successfully meet the requirements established earlier is 
an ultrasonic technique. Obviously any chemical procedure 
has the disadvantage that it would remove soil constituents 
of interest. The sole use of mechanical techniques, such as 
stirring or shaking, will not effect complete dispersion 
(Baver, 1956, p. 5^)* Therefore, the conclusion was reached 
to investigate ultrasonic vibration of soils and to develop 
a dispersion technique that could be used with established 
physical separation procedures to Isolate soil particle-size 
fractions. 
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DISPERSION OF SOIL BY ULTRASONIC VIBRATION 
Introduction 
Ultrasonic vibrations are high-frequency (> 16 kHz) sound 
waves with the general properties of longitudinal mechanical 
waves. A completely satisfactory explanation for the ability 
of ultrasonic vibration to disperse soil is not available. The 
explanation universally offered for the physical, chemical, and 
biological effects of ultrasonic vibration is a phenomenon 
known as cavitation. Cavitation is a term applied to a number 
of ultrasonic effects characterized by the formation and vio­
lent collapse of minute bubbles in a liquid medium. The very 
rapid alternations of pressure that occur with the passage of 
ultrasonic waves cause these bubbles to form and collapse. 
When the minute bubbles collapse they cause Intense local 
shock waves and microstreaming of the liquid around the points 
of collapse. It seems probable that the high shear gradients 
produced by such processes could effectively disrupt soil 
aggregates, 
Olmstead (1931) performed the first evaluation of 
ultrasonic vibration as a method of soil dispersion. Earli­
er workers (Whittles, 1923; Puri and Keen, 192$; Wood and 
Loomis, 1927) had observed that sonic or ultrasonic waves had 
a dispersing effect on soil aggregates, but these workers did 
not attempt to develop ultrasonic techniques specifically for 
dispersion of soils. 
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Olmstead (1931) generated high-frequency (300 and 3^8 kHz) 
high-Intensity ultrasonic waves from a large (8 cm dla.) quartz 
crystal using a 1500-watt vacuum-tube oscillator as a power 
source. The quartz crystal was immersed in an oil bath, and 
the sample (10 to 30 g of soil in 50 to 125 ml of water) to be 
dispersed was placed in an Erlenmeyer flask which was posi­
tioned in the oil directly above the vibrating crystal. Dis­
persion was performed by four or five sequential vibration 
treatments of two minutes each, between which the apparatus 
and suspension had to be cooled. Five soil samples (low 
organic matter subsoils) dispersed in this manner were found 
to have clay contents equal to those obtained by a chemical 
dispersion technique and by a simple rubbing technique. Dis­
persion had to be maintained by addition of a dispersing re­
agent (dilute ammonium hydroxide). According to Olmstead 
(1931)» the greatest disadvantage of the ultrasonic method of 
dispersion was the equipment needed, as it was difficult to 
construct and operate and prohibitively expensive. 
After- the work of Olmstead (1931), there was a lapse of 
nearly 30 years before dispersion of soil by ultrasonic vibra­
tion was again attempted. The renewed interest coincided with 
development and commercial production of improved ultrasonic 
vibrators that were easy to operate and comparatively inex­
pensive. 
Recent interest in dispersion of soil by ultrasonic waves 
began with Barkoff (I960). He measured 20-28$ more clay-sized 
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material In a clay soil after ultrasonic vibration of the soil 
In a dispersing solution of Calgon-sodium carbonate than when 
the soil was shaken with this reagent for five hours. Edwards 
and Bremner (1964, 1967a) established that sonic (9 kHz) or 
ultrasonic (18 kHz) vibration could be used successfully to 
disperse a range of soils without the addition of dispersing 
reagents or removal of organic matter. They showed that this 
was accomplished without dissolution of more than trace 
amounts of soil organic and inorganic material. Saly (I967) 
and Bourget (I968) also attempted to disperse soils In water 
by ultrasonic vibration, but Saly (I967) found it necessary 
to add dispersing reagent (sodium phosphate) to Insure disper­
sion and Bourget (I968) found that he had to give soils a com­
plete chemical dispersion treatment prior to vibration if the 
soils were to be dispersed, Saly (I967) used a much shorter 
time of vibration than Edwards and Bremner (1967a) (4 mln vs 
3Û min) and both saly (I967) and Bourget (I96Û) used types or 
ultrasonic Instruments that had lower levels of vibration In­
tensity than the Instruiaeiits used by Edwards arid Brsjmner 
(1967a). Vladlmlrov (I966), using an Instrument very similar 
to one used by Edwardfa and Bremner (1967a), successfully dis­
persed calcareous and noncalcareous soils without aid of any 
dispersing reagents. Emerson (1971), however, using an in­
strument identical to one used by Edwards and Bremner (1967a), 
failed to fully disperse several Australian soils and found 
that calcareous soils flocculated without the addition of a 
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dispersing reagent. Emerson (1971) was able to disperse 
several noncalcareous subsoils low In organic matter. 
The finding by Edwards and Bremner (1964, 1967a) and 
Vladlmlrov (I968) that soils could be dispersed by ultrasonic 
vibration without use of oxidizing agents or dispersing re­
agents provided, for the first time, a means of Isolating 
soil particle-size fractions without chemically altering or 
removing numerous soil constituents. However, the fact that 
the conclusions reached by Edwards and Bremner (1964, 1967a) 
and Vladlmlrov (I968) could not be confirmed by subsequent 
workers indicated that further evaluation of soil dispersion 
by ultrasonic vibration was necessary. The work described in 
this section was undertaken to evaluate ultrasonic instruments 
used for soil dispersion and to investigate factors influencing 
their use. Specific objectives were: 
1. to establish criteria for selection of an ultrasonic 
vibrator, 
2. to evaluate instrumental factors that may influence 
the dispersion process, 
3. to demonstrate that ultrasonic vibration will effec­
tively disperse a wide range of soils containing 
various amounts of common aggregating cements, 
4. to show that soil-water suspensions produced by ultra­
sonic vibration are stable without the addition of 
dispersing reagents, 
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5. to compare dispersion obtained with probe- and 
tank-type ultrasonic vibrators, and 
6. to determine the effect of ultrasonic vibration 
treatment on soil constituents• 
Materials and Methods 
Soils 
The soils used (Table 1) were selected to obtain a wide 
range In properties^ including pH (3.6-8.2), organic carbon 
(0.14-9,4#), CaCO^ equivalent (0-33.?#), texture (clay, 7-72#$ 
silt, 26-80#; sand, 2-59#)i clay mineral composition, and 
degree of weathering. They Included representatives of 
nine of the ten orders of the 7th Approximation (Soil Survey 
Staff, i960) and were from 11 states and one Canadian province. 
Soils 4, 19, and 21 were from C horizons and soils 14, 17, and 
20 were from B horizons. All other soils were surface (0- to 
15-cm) samples. Before use each sample was air-dried and 
crushed to pass a 2-mm sieve. 
Dispersion 
Two instruments, both obtained from Heat Systems-Ultra-
sonlcs, Inc,, Plainview, N.Y,, were used for ultrasonic dis­
persion of soils. One instrument used was a probe-type (probe 
tip diameter, 1,27 cm) Branson Model W-I85 C Sonifier contain­
ing a piezoelectric transducer. This instrument operates at a 
frequency of 20 kHz and has a continuously variable power 
Table 1. Desci'lptlon of soils uised to study 
vibration 
Soil 
No, Series® Order^ Source PH 
1 Hegina M Saskatchewan 7.5 
2 Wahiaxa 0 Hawaii 5.2 
3 Indian Head M Saskatchewan 7.6 
4 Clarence C M Illinois 6.7 
5 Houston V Texas 7.7 
6 Paaloa U Hawaii 3.6 
7 Glencoe M lowa 7.0 
8 Fargo M M:Lnnesota 7.5 
9 Mohave A Arizona 7.8 
10 Davidson U AjLabama 5.6 
11 Superior S Wisconsin 7.2 
12 Webster: M Iowa 6.8 
13 Pima M Arizona 7.8 
14 Waitville B Al Saskatchewan 7.5 
15 Sharpsburg M Iowa 5.7 
16 Okoboji M Iowa 6.6 
17 Davidson B U North Cai'olina 5.9 
18 Harpster M Iowa 7.7 
19 Yolo C E Callfomiua 7.7 
20 Welle r B Al Iowa 4.5 
C horizon; B» B horizon. 
molli sol I 0, oxiaolï V, vertisoli u, 
Al, alfisoli E, entisolj ]:, inceptisol. 
soil dispersion by ultrasonic 
CaCOo 
carbon 
% 
2.09 
1.42 
2.25 
0.48 
1.56 
3.06 
6.22 
2.69 
0.64 
3.24 
4.45 
5.95 
1.03 
0.37 
2.17 
9.02 
0.79 
4.19 
0.59 
0.45 
lent Sand Silt Clay 
% % % % 
0.15 1.7 26.1 72.2 
0 7.1 29.0 63.9 
2.76 13.9 30.6 55.5 
0 7.1 38.8 54.1 
33.7 7.8 41.2 51.0 
0 1.8 50.5 47.7 
0.18 9.4 48.1 42.5 
1.04 16.5 41.4 42.1 
0.21 29.0 33.4 37.6 
0 14.3 50.2 35.5 
3.58 5.2 59.4 35.4 
0.06 19.0 46.5 34.5 
1.32 15.4 53.1 31.5 
5.07 32.1 36.6 31.3 
0 3.4 65.4 31.2 
0.48 9.6 62.6 27.8 
0 47.3 25.6 27.1 
5.83 39.1 36.4 24.5 
0.10 38.8 38.3 22.9 
0 1.3 75.9 22.8 
ultisoli A, eridlsolj S, spodosolj 
Table 1, (Continued) 
No. 
21 
22 
23 
24 
il 
27 
28 
Soil 
Series 
Oxlaoif C 
Nicollet 
Astoria 
Weller 
Llndley 
Gila 
Hayden 
Hartsell 
Order Source PH 
CaCO-a 
Organic equlva-
carbon lent Sand Silt Clay 
% % % % % 
M Saskatchewan 8.2 0.14 25.6 32.0 45.3 22.7 
M Iowa 6.4 3.08 0 45.5 32.4 22.1 
I Oregon 4.8 9.38 0 23.6 56.6 I9.8 
Al Iowa 5.4 1.64 0 2.3 80.0 17.7 
A1 Iowa 5.7 1.32 0 40.8 44.2 I5.O 
E Arizona 8.0 0.20 I.3I 51.4 35.1 13.5 
Al Iowa 6.8 2.97 0 58.8 29.9 11.3 
U Alabama 4.9 1.04 0 35.0 57.5 7.5 
output (maximum power rating of I50 watts) and a meter that 
Indicates the power output. The standard dispersion treatment 
used with the Branson Model W-I85 C Bonifier was to vibrate 
10 g of soil in 25 ml of water for I5 minutes with the power 
output adjusted to give a meter reading of 80, The soil sus­
pension vibrated was held in a 50-ml stainless steel test tube 
that was fitted with a Plexiglas cooling jacket,and the flow 
of cold water through this jacket was such that the tempera­
ture of the vibrated suspension did not exceed 20®C, The depth 
of immersion of the probe was about 2 mm, and the soil suspen­
sion was not stirred during vibration. The output meter read­
ing can be converted to the actual power output from the probe. 
In watts, with a calibration chart provided by the manufacturer. 
There was an output of approximately 32 watts from the probe 
when the Bonifier was used as just described. In certain ex­
periments (reported in Tables 3 and 4^), the volume of the soil-
water suspension was g eater than 50 ml and it was necessary 
to use stainless steel beakers (I50 and 250 ml) to hold the 
soil—water suspension during vibration. All samples dispersed 
in beakers were cooled and were stirred with a magnetic stir­
ring bar unless otherwise specified. 
The other ultrasonic instrument used was a Branson Model 
220 Ultrasonic Cleaner, a tank-type vibrator that has two 
piezoelectric transducers fastened to the bottom of a 12.? x 
22,9 X 10.2 cm stainless steel tank. This instrument operates 
at a frequency of 40 kHz and has a fixed power output that is 
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specified by the manufacturer as 100 watts of usable power. 
Pour dispersion treatments were used with the Branson Model 
220 Ultrasonic Cleaner as attempts were made to simulate con­
ditions tested by Saly (196?) and Bourget (I968), The first 
two dispersion treatments consisted of vibration, for I5 
minutes, of soil-water suspensions (10 g soil/25 ml water and 
10 g soil/100 ml water) held in 125-ml Erlenmeyer flasks that 
were placed in the vibrator tank. The third treatment con­
sisted of vibration, for I5 minutes, of soil suspensions (10 g 
soll/100 ml water) directly in the vibrator tank In a manner 
similar to Saly (I967). The fourth treatment consisted of 
vibration, for 30 minutes, of soil suspensions (20 g soil/100 
ml water) held in 125-ml Erlenmeyer flasks that were placed in 
the vibrator tank and was an attempt to approximate one of the 
conditions used by Bourget (I968). The tank of the vibrator 
was filled with water to the level of the solution in the 
flask when the flask contained 25 ml of water. But when the 
flask contained 100 ml of water, the vibrator tank was filled 
to one-half the level of solution in the flask. Because it 
was not possible to cool samples dispersed with the Branson 
Model 220 Ultrasonic Cleaner, the sample temperature at the 
end of vibration was about 70°C, 
Dispersion treatments used in studies to evaluate the 
effects of ultrasonic vibration on soils include 1 
Â. Dispersion by the standard treatment. 
B. Dispersion as in A, but the soil-water suspensions 
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were not cooled during vibration. 
C. Dispersion as in A, but the time of vibration was 
extended to 60 minutes and the power output was in­
creased to give a meter reading of 120. 
Dispersion of the control in studies to evaluate the effects 
of ultrasonic vibration on soils was performed by shaking 10 g 
of soil and 25 ml of water in a 110-ml bottle on a reciprocal 
shaker (26$ cycles/min) for 90 minutes. 
The chemical dispersion method was that of Kilmer and 
Alexander (1949), with the dispersing reagent being 0.357 S of 
Calgon and 0.0794 g of Na2G0^ per 10 g of soil. 
Analytical procedures 
In the analyses reported In Table 1, pH was determined by 
a glass electrode (soil»water ratio, lil), organic carbon was 
taken as the difference between total carbon (Tabatabal and 
Bremner. 1970a) and inorganic carbon (Anderson and Harris. 
1967), CaCO^ equivalent was calculated from inorganic carbon 
(Anderson and Harris, 1967)1 and the particle-size values were 
obtained using the procedures of Kilmer and Alexander (1949). 
In the analyses of shaken and vibrated soil-water suspen­
sions reported in Table 11, pH was determined with a glass 
electrode (solltwater ratio, Is2.5) and cation-exchange capaci­
ty was determined by the NHj^OAc - acidified NaCl procedure 
described by Chapman (1965). The contents of exchangeable Ca, 
Mg, and K extracted by the NHi|,OAc were determined with an 
22 
atomic absorption spectrophotometer (Perkln-Elmer Model 303 
fitted with a Doling burner head) according to procedures 
described In Analytical Methods for Atomic Absorption 
Spectrophotometry (Perkln-Elmer Corp., I968). The amounts of 
NHj[|,-N and (NOg + NO^j-N extracted from the shaken and vibrated 
soil suspensions by 2 M KCl were determined by steam dis­
tillation methods described by Bremner (I965), 
For estimation of water-soluble substances, each shaken or 
vibrated soil-water suspension was treated with 75 ml of water 
and the thoroughly mixed suspension was filtered with a Buch-
ner funnel fitted with a Whatman No, 50 filter papsr. The 
filtrate was reflltered through a O.O5 p cellulose-triacetate 
membrane filter (Gelman Instrument Co., Ann Arbor, Mich.) that 
had been washed with 100 ml of water to remove water-soluble 
materials. Aliquots of the water extracts were analyzed for 
total nitrogen as described by Keeney and Bremner (I966) and 
for total sulfur as described by Tabatabal and Bremner (1970b). 
Water-soluble organic carbon was determined by a modification 
of the method of Meblus (1960). In the procedure used, a 5 ml 
aliquot of the water extract was boiled for 30 minutes with 
5 ml of 0.06 N KgCrgOm and IS ml of 36 N HgSO^, When cool. 
this solution was titrated with 0.04 M Mohr's salt and the 
organic carbon content was calculated from the amount of dl-
ehroaate consumed during digestion. Phosphorus was determined 
colorimetrically as described by John (1970) after digestion 
of a 5 ml sample aliquot with 2 ml of 70^ perchloric acid for 
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3 hours. The weight of water-soluble material was determined 
by drying an aliquot of the extract at 105*0, and the con­
ductivity of the extract was measured with a conductivity 
bridge and a pipet-type conductivity cell (Industrial Instru­
ments Inc., Cedar Grove, N.J.). 
Particle-size analyses performed include determinations 
for sand-sized material (2000-50 )i), silt- plus clay-sized 
material (>50 p), clay-sized material «2 p), and fine clay-
sized material « 0.2 p). All soil samples were weighed to 
0.01 g before dispersion,and after dispersion all samples were 
made to a concentration of 10 g soil/liter before pipet an­
alysis. The silt plus clay, clay, and fine clay allquots 
were obtained with a 25-nil pipet operating from a controlled 
vacuum source. The filling time of the pipet was standardized 
at 18 seconds with a Cartesian diver. The silt plus clay and 
clay allquots were taken after gravity sedimentation In a 
constant temperature room (23°C). The fine clay aliquot was 
taken after centrifuglng a portion of the soil suspension In 
a 250-ml polycarbonate bottle. The sampling depth for the 
gravity sedimented allquots was 10 cm and that for the centrl-
fuged allquots was 5 cm. A particle specific gravity of 2.61 
g/cc was used to calculate gravity sedimentation times, but a 
specific gravity of 2.50 g/cc was used to calculate centrlfuga-
tion timese The sand fraction was separated with a 300-aesh 
sieve after removal of the allquots for silt plus clay, clay, 
and fine clay. The sand fraction and all allquots were 
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digested In % ^£^2 ^ steam plate (70°C) overnight and then 
oven-dried for 24 hours at 115°C before weighing to four 
decimal places. 
With the chemical dispersion procedure, the results were 
calculated as described by Kilmer and Alexander (1949). With 
the ultrasonic vibration procedure, the results were calculated 
as a percentage of the oven-dry weight of mineral material re­
covered by particle^size analysis. The base weights (even-
dry inorganic weight of total sample) used for the calculations 
were nearly identical as the average (28 soils) recovery of 
mineral material by particle-size analysis of vibrated sus­
pensions was 99.6# of the base weight obtained with the chemi­
cal procedure, 
Results and Discussion 
Selection of an ultrasonic vibrator 
Edwards and Bremner (1967a) compared different ultrasonic 
vibrators for soil dispersion and found that certain instru­
ments dispersed soils more effectively than others, Watson 
(1971) also presents evidence indicating only certain kinds of 
ultrasonic vibrators will prove satisfactory for soil disper­
sion, If the results obtained with the ultrasonic vibration 
method of soil dispersion are governed largely by characteris­
tics of the vibrator used, as claimed by Watson (I97I), then 
it is of primary importance to carefully select the ultrasonic 
vibrator used for soil dispersion. To intelligently select an 
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instrument, you must understand the components of ultrasonic 
vibrators that affect their suitability for soil dispersion. 
The major components of an ultrasonic vibrator are a 
power generator which serves as a source of electrical energy, 
a transducer which converts the electrical energy of the 
generator into mechanical energy of ultrasonic waves, and a 
carrier mechanism which transmits the ultrasonic waves to the 
sample. Characteristics of ultrasonic vibrators that should 
be evaluated before purchase of an instrument are the intensity, 
stability, and reproducibility of the power output (i.e., the 
power delivered by the vibrator to the sample). 
The descriptions of commercially available ultrasonic 
instruments usually specify power output in terms of the 
electrical output of the generator (the output of most com­
mercially available instruments ranges from 50 to 5OO watts). 
This power output, however, is not the power delivered by the 
vibrator to the sample, but is the electrical energy supplied 
to the transducer for conversion into mechanical energy of 
ultrasonic waves. There are two kinds of transducers in wide­
spread commercial use, namely, the piezoelectric kind and the 
magnetostrictive kind. The important difference between the 
two kinds of transducers Is the efficiency with which they 
convert electrical energy of the generator into mechanical 
energy of ultrasonic waves. The piezoelectric kind of trans­
ducer is far superior, because it converts approximately 935^ 
of the electrical energy of the generator into mechanical 
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energy of ultrasonic waves while the magnetostrictive kind of 
transducer only converts 30/^» or less, of the electrical 
energy it receives into mechanical energy. 
After the ultrasonic waves are generated by the trans­
ducer, they must be transmitted to the sample. The various 
kinds of ultrasonic instruments used for soil dispersion have 
utilized four different mechanisms for transmitting ultra­
sonic waves from the transducer to the sample. The first 
kind of instrument has a vibrating piezoelectric quartz 
crystal (the transducer) immersed in an oil bath with the 
sample to be dispersed held in a flask and pieced in the oil 
bath directly above the vibrating crystal (Olmstead, 1931; 
Saly, 1967). The entire output of the transducer does not 
reach the sample with this kind of mechanism because a certain 
percentage is dissipated in the oil and in the flask. Another 
disadvantage of this kind of mechanism is the difficulty en­
countered in keeping sample and working parts of the ultra­
sonic Instrument cool (Olmstead, 1931). 
The second kind of instrument is the tank-type vibrator 
and is usually referred to as an ultrasonic cleaner. The soil 
sample to be dispersed is either vibrated directly in the tank 
(Saly, 1967) or held in a flask which is placed in the tank, 
and water is added to the tank to facilitate transmission of 
ultrasonic waves (Bourget, I968), The transducers are usually 
fastened to the base of the tank and this causes the ultrasonic 
power to be spread over the entire surface of the tank. A 
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power Intensity of 1.5 watts/cm^ is typical of this type of 
instrument. When a tank-type vibrator is used as described by 
Bourget (I968), the entire output of the transducer will not 
reach the sample because some power will be lost to the water 
and to the flask. It is difficult, if not impossible, to con­
trol the temperature of the sample during vibration with a 
tank-type vibrator. 
Sonic or ultrasonic instruments that have the vibrating 
mechanism attached to the base of a stainless steel cup that 
holds the sample comprise the third kind of ultrasonic instru­
ment (Edwards and Bremner, 1967a; Vladimirov, I968). The 
cup-type of vibrator has a fixed sample capacity which makes 
it considerably less flexible than other types of instruments. 
Also, the cooling of suspensions during vibration may be diffi­
cult if a cooling jacket is not an integral part of the sample 
holding cup. However, this instrument has the advantage that 
the power output of the transducer is transmitted directly to 
the sample, 
The fourth kind of ultrasonic instrument used is the 
probe-type of instrument in which the ultrasonic vibrations 
are transmitted directly to the sample by means of a titanium 
alloy probe (Edwards and Bremner, 1967; Emerson, 1971)* This 
kind of instrument is extremely versatile as the sample can be 
held in any container into which the probe will fit. The 
sample can be cooled during vibration if a cooling jacket is 
constructed for the sample container. This kind of instrument 
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also Insures direct transmission of the output of the trans­
ducer to the sample. The greatest advantage possessed by a 
probe-type instrument, however, is that it transmits power 
to the sample at a high intensity. The output of the trans­
ducer is effectively concentrated into an area the size of the 
probe tip. Power intensity levels can reach 75-120 watts/cm^ 
and this represents a fifty-fold Increase over the power in­
tensity levels reached by tank=type vibrators. 
Changes in physical properties (such as viscosity and 
temperature) of the material being treated will affect the 
power output of a vibrator. For example, a viscosity change 
in the suspension being treated will result in differential 
damping effects upon the probe tip; these effects must be 
accounted for by changing the generator output if constant 
power and frequency are to be maintained at the probe tip. 
Old ultrasonic instruments had to be tuned manually if the 
generator output was to be altered, and they required close 
attention if proper adjustment was to be maintained the entire 
time the sample was being treated. In contrast, almost all 
instruments now commercially available have a self-tuning 
device that automatically provides a constant power output 
and frequency of vibration at the probe tip. 
With instruments having only one level of power output, 
reproducibility of output is not a problem if the instrument 
is operated to obtain maximum performance. However, with 
instruments that have continuously variable power output, it 
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can be difficult to reproduce any given level of output with­
out a means of monitoring the output. At least one instrument 
has a meter In the power circuitry of the generator so that a 
given power level can be set and accurately reproduced at a 
later time, 
Prom the preceding discussion it can be concluded that 
the most advantageous type of ultrasonic instrument for soil 
dispersion would be a probe-type instrument with a piezo­
electric transducer. Additional requirements include a self-
tuning mechanism and a meter to indicate power output. Since 
these requirements are met by the Branson Model W-185 C 
Sonlfier, this instrument was selected for the work reported 
in this thesis. 
Effects of instrmaental factors on ultrasonic dispersion of 
soils 
Effects of vibration intensity and time The two 
factors that affect dispersion of soil by ultrasonic vibration 
to the greatest extent are intensity of power output from the 
probe (vibration intensity) and time of vibration because 
both factors directly Influence the amount of ultrasonic energy 
that is transmitted to the sample, 
Saly (1967) vibrated soils for identical lengths of time at 
two vibration intensities (2,5 watts/cm, 3,7 watts/cm) and con­
cluded that the extent of dispersion increased with an increase 
in vibration Intensity. Edwards and Bremner (1967a) studied the 
effect of vibration intensity in an indirect manner by increas-
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Ing the amount of soil vibrated in a fixed volume of water. 
They found lower clay values as the vibration intensity de­
creased (i.e., as the weight of soil vibrated increased). 
Table 2 presents the results of particle-size analyses obtained 
for soils after vibration with the Branson Bonifier for various 
lengths of time at two vibration intensities (25 watts/cm^, 
80 watts/cm^). The data show that, at each comparable time 
of vibration, the higher vibration intensity has higher values 
for clay and fine-clay, and lower values for sand, than the 
lower vibration intensity. This finding confirms and supports 
similar findings by Saly (196?) and Edwards and Bremner (1967a). 
Edwards and Bremner (1967a) obtained higher clay values 
and lower sand and silt values for soils as they increased 
the vibration time from 10 to 3OO minutes, but Emerson (1971)1 
using the method of Edwards and Bremner (1967a), obtained no 
further increase in clay content for two Australian soils 
after 6ù minutes or ultrasonic vibration. Table 2 shows re­
sults obtained when two soils were vibrated with the Branson 
Sonifier for various times at two vibration Intensities. At 
the lower vibration intensity, the clay and fine-clay values 
increased as the time of vibration was increased from 5 to 
120 minutesB The percentage sand decreased over the same range 
of vibration times. At the higher vibration intensity, the 
fine-clay values increased as the time of vibration was in= 
creased from 5 to 240 minutes. The clay values, however, 
reached a stable plateau after 60 minutes of vibration for the 
Table 2. Effects of vibration intensity and time on the particle-size analysis 
of ultrasonlcally dispersed solls^ 
Particle-size analysis 
Vibration 
intensity^ 
Vibration 
time (mln) 
Sand: 
% 
Clay 
% 
Pine 
clay 
% 
Sand 
% 
Clay 
% 
Fine 
Clay 
% 
———"••Nicollet soil* Sharpsburg soil—— 
80 5 49.7 17.5 5.8 2.7 28.3 7.6 
15 47.4- 21.7 8.7 1.9 32.4 10.9 
30 47.6 22.3 10.1 1.3 33.3 15.0 
60 44.2 22.4 10.6 1.1 36.8 16.8 
120 42.4 24.3 11.3 0.9 37.0 19.6 
120 5 48.5 20.8 7.8 1.4 35.9 15.8 
15 45.2: 23.5 11.6 1.1 36.6 18.3 
30 42.2 25.0 14.1 1.0 39.9 21.9 
60 41.4 26.3 14.8 1.3 40.5 23.3 
120 39.5 28.3 15.6 1.0 40.3 23.7 
240 30.7 28.0 17.6 1.0 40.3 26.5 
^Cooled soil suspension (10 g soM/25 ml water) was vibrated (Branson Model 
W-I85 C Sonifier) in a stainless steel test tube, 
^Output meter reading» 
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Sharpsburg soil and after 120 minutes of vibration for the 
Nicollet soil and did not Increase even though vibration was 
continued for another 3 and 2 hours, respectively. The sand 
values continually decreased as the vibration time was In­
creased, and the decrease was especially severe with a vibra­
tion time of 2^0 minutes. 
Comparison of the particle-size values obtained for the 
two soils after ultrasonic vibration (Table 2) with the 
particle-size values obtained for the same soils after chemical 
dispersion (Table 1) shows that ultrasonic vibration for 15 
minutes at the lower vibration Intensity produced dispersion 
equivalent to that obtained with the peroxide-sodium poly­
phosphate technique of Kilmer and Alexander (1949)» On this 
basis, the standard vibration time (15 min) and vibration in­
tensity (meter reading of 80) were tentatively established 
pending corroboration of these findings with a much wider 
Attiigc Oi soils* 
The data of Table 2 indicate that complete dispersion of 
soils, as defined previously, is very difficult to achieve be­
cause some coarse (0.2-2 p)clay-sized aggregates were dispersed 
Into fine «[0,2 p) clay-sized particles as the vibration 
treatments became more Intense, The fact that the clay values 
obtained for the Sharpsburg and Nicollet soils remained con­
stant (at the higher vibration intensity) after 60 and 120 
minutes of vibration, respectively. Implies that the particu­
lar conditions of ultrasonic vibration used will not degrade 
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silt-sized particles into clay-sized particles# But, the 
continual decrease in sand values suggests that some sand-
sized particles are being degraded into silt-sized particles. 
Effects of soil»water ratio and weight of soil The 
amount of soil commonly used in particle-size analyses is 
10 gf so, as a practical measure, this weight of soil was 
adopted as the standard weight of soil. The optimum amount of 
water to use with the 10 g of soil was determined by vibrating 
10 g samples of soil in 25# 50, and 100 ml of water, which re­
sulted in suspensions with soilrwater ratios of 1:2.5, 1:5, 
and 1:10, The higher clay values obtained with the soil:water 
ratio of 1:2.5 showed that this ratio was superior to ratios 
of 1:5 or 1:10 (Table 3). The superiority of the 1:2.5 ratio 
can be accounted for by the concentration of the ultrasonic 
energy into a smaller suspension volume. Use of a soil: 
water ratio of 1:1 was attempted, but excessive gel 
formation resulted and caused practical dimculties (lack 
of proper cooling) with all joils except those with very low 
clpy contents (^10^ clay). 
Panning (1965)1 Edwards and Bremner (1967a) and Saly 
(1967) obtained samples with different soil:water ratios by 
fixing the volume of water and varying the amount of soil. 
Respectively, these workers obtained best dispersion by vibrat­
ing 5 S of soil in 50 ml of water, 5 g of soil in 25 ml of 
water, and 2.5 g of soil in 100 ml of water. In each ease the 
best dispersion was obtained with those samples that had the 
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Table 3, Effect of the soiljwater ratio of the vibrated sus­
pension on dispersion of soils by ultrasonic 
vibration* 
Soil»water ratio of vibrated suspension 
Soil 1:2.5 1j5 1:10 
Percentage-clay value 
Regina 73.9 70.0 68,2 
Indian Head 55.9 53.6 48,6 
Glencoe 46.1 44,0 38.8 
Okobojl 34.8 29.7 27.5 
Weller B 24.9 24,2 22.3 
Hayden 11.4 9.4 7.9 
Average 41.2 38,5 35.6 
^Cooled soil suspension (10 g 80il/25, 50t or 100 ml 
water) was vibrated (Branson Model W-I85 C Bonifier) in a 
stainless steel beaker for I5 mln with the ultrasonic power 
adjusted to give an output meter reading of 80, Soil suspen­
sion vas stirred Eagnstically during vibration. 
lowest weight of soil. Because the soil«water ratio %as 
varied by decreasing the weight of soil, the intensity of 
ultrasonic energy available per gram of soil increased as the 
weight of soil vibrated decreased. Consequently, the effects 
of power intensity were confounded with the effects of soil: 
water ratio, and, for this reason, the optimum soil:water ratio 
cannot be determined from these studies, 
For such work as large-scale separation of soil Into sand, 
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silt, and clay fractions, it is highly advantageous to disperse 
more than 10 g of soil at one time. The data of Table 4 
demonstrate that if the ultrasonic energy applied to the 
sample is held constant while the weight of soil vibrated is 
Increased, the dispersion, as reflected in the clay values, 
will decrease markedly. As the weight of soil vibrated at one 
time is increased, a corresponding increase must be made in 
the vibration time and/or the vibration intensity if satis­
factory dispersion is to be obtained. 
Effects of cooling, stirring, and container In order 
to study certain properties of soil particle-size fractions 
(such as enzyme activities), it is absolutely necessary that 
soil-water suspensions remain cool during vibration. However, 
the temperature of soil-water suspensions will increase 
markedly during ultrasonic vibration if special provision for 
cooling is not made (Olmstead, 1931; Panning, I9651 Saly, 
1967). TO assess the effect of cooling on dispersion, the clay 
values obtained for soils that were or were not cooled during 
ultrasonic vibration trsatment were compared. The results 
(Table 5) show that the clay values of the soil suspensions 
that were cooled during vibration (15-20^0) are nearly identi­
cal to the clay values for those soils that were not cooled 
(70-80°C), Watson (1970) observed a slight increase in dis­
persion as the temperature of the soll=water suspensions 
vibrated Increased from 10 to 60°C. 
Because the most intense ultrasonic vibrations are 
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Table 4, Effect of weight of soil vibrated on percentage-
clay values obtained for Webster soil after ultra­
sonic dispersion® 
Weight of soil Vibration Vibration Percentage-
vibrated (g) time (min) intensity^ clay value 
10 15 80 36.4 
40 15 80 32.9 
60 15 80 28.0 
80 15 80 25.9 
60 15 100 32,3 
60 30 100 36,5 
80 30 100 34.8 
80 45 100 36,2 
^Cooled soil suspension (soiliwater ratio, 1:2,$) was 
vibrated (Branson Model W-185 C Bonifier) in a stainless steel 
beaker. Soil suspension was stirred magnetically during 
vibration. 
^0)1 •f-TMlt- T»» O (S i v> r* _ 
directly under the probe tip, the manner in which soil samples 
are held during vibration could conceivably influence the dis­
persion obtained. To evaluate this possibility, both stirred 
and unstirred soil samples were vibrated in 125-nil stainless 
steel beakers and unstirred samples were vibrated in $0-ml 
stainless steel test tubes. The results (Table 6) show no 
difference in dispersion between the unstirred samples vibrated 
in test tubes and the stirred samples vibrated in beakers. 
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Table 5» Effect of cooling the soil-water suspension during 
vibration on the percentage-clay values obtained for 
ultrasonically dispersed soils* 
Percentage-'Olay value after vibration^ 
Soil C NC 
Glencoe 46,1 44,3 
Sharpsburg 32,4 34.9 
Nicollet 21,? 22.1 
Hayden 11,4 11.4 
Average 27,9 28.2 
®Soll suspension (10 g soll/25 ml water) was vibrated 
(Branson Model W-185 C Sonlfler) in a stainless steel test tube 
for 15 min with the ultrasonic power adjusted to give an out­
put meter reading of 80, 
^C, soil suspension was cooled during vibration; NC, soil 
suspension was not cooled during vibration. 
Those samples that were held In ueakcrs and not stirred had 
a small but consistent decrease in clay value. Effective 
dispersion was also obtained If glass beakers and test tubes 
were used instead of stainless steel, but the soil-water 
suspensions could not be effectively cooled during vibration 
with glass containers. 
Effects of kind, position, and condition of probe The 
manufacturers of probe-type ultrasonic vibrators sell different 
kinds of probes that can be used with their ultrasonic instru­
ments. The dispersion obtained with two solid probes of 
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Table 6, Effect of sample container on dispersion of soils by 
ultrasonic vibration* 
Percentage-clay value after vibration^ 
Soil T 
Regina 73.9 71.4 (72,2) 
Indian Head 55.9 54,4 (55.7) 
Glencoe 46,1 44,7 (45.5) 
Okoboji 34,8 33.0 (35.3) 
Average 52.7 50,9 (52,2) 
^Cooled soil suspension (10 g soil/25 ml water) was vi­
brated (Branson Model W-185 C Bonifier) for 15 min with the 
ultrasonic power adjusted to give an output meter reading 
of 80. 
^T, soil suspension was vibrated in stainless steel test 
tube; B, soil suspension was vibrated in stainless steel 
beaker, 
^Figures in parentheses are the percentage-clay values 
obtained when the soil suspensions held in beakers were 
ûiagiiëtlOâlTy 5uli"rcd uUïlïig ViulatlOiri» 
different diameter and with a tapped probe that has a series 
of screw-in tips was compared. Table 7 shows that there is no 
difference in dispersion obtained with the solid probes of dif­
ferent diameter and that the decrease in clay content observed 
with the tapped probe is hardly significant. The tapped 
probe was evaluated because It had been observed that erosion 
of the probe tip resulted in decreased dispersion of soils. 
It was thought that changing of the probe tip whenever 
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Table 7» Effects of probe type and depth of immersion of 
probe tip on dispersion of soils with a probe-
type vibrator* 
Soil 
Depth of immersion 
of probe tip (cm) 
Probe type 
--Percentage-clay value 
Regina 1 73.9 72.6 73.6 
3 73.6 - -
Indian Head 1 55.9 56,8 54.8 
3 56.3 - -
Glencoe 1 46.1 46,2 44.2 
3 45.9 - -
Average 1 58.6 58.5 57.5 
3 58.6 
Cooled soil suspension (10 g soil/25 ml water) was 
vibrated (Branson Model W-I85 C Sonifier) in a stainless 
steel test tube for I5 min with the ultrasonic power adjusted 
to give an output meter reading of 80. 
sol^-d. 'Drobe ( tip 1 . 99 n.m % ' q 
(tip diameter, I.91 cm); T, tapped probe (tip diameter, 
1.27 cm). 
nnlid •nr'rt'hp 
significant pitting was observed would solve the problem of 
probe erosion, and would be cheaper than replacing the entire 
probe. However, the tapped probe was found to be unsatisfac­
tory as the tip worked loose during vibration if not properly 
tightened, and if overly tightened, it had a damping effect 
on the operation of the probe. 
The effect of position of the probe on dispersion was 
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evaluated by immersion of the probe tip into the soil-water 
suspensions to depths of 1 and 3 cm. No significant effect 
of probe position was observed. The clay values are nearly 
identical for both depths of immersion of the probe (Table 7). 
After the Branson Bonifier had been used successfully 
for several weeks, a slight decrease in the extent of disper­
sion of vibrated samples was observed. The only visible change 
in the instrument was that the probe tip had turned dark gray 
in color and severe pits had developed on the surface of the 
probe tip, whereas the tip of a new probe was smooth and shiny 
by comparison. 
The speculation that erosion of the probe tip decreased 
the effectiveness of the vibrator was confirmed by a repre­
sentative of the manufacturer. He suggested polishing the tip 
of the probe at the first sign of erosion (appearance of gray 
color) because existing erosion on the tip increases the rate 
of future erosion. He also stated that probes are designed 
with a specific mass and length for maximum output and that 
shortening of a probe beyond its critical length would also 
diminish the output (personal communication, C. A. Meyer, Heat 
Systems-Ultrasonics, Inc.). Therefore, a policy of gently 
polishing the probe tip for 10-15 seconds with fine emery 
paper (400 grit) after every 30 minutes of use was adopted 
because this policy did not allow any pits to develop and 
necessitated removal of only very small amounts of material 
from the probe. Once a probe is allowed to become severely 
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pitted, It may not be possible to restore Its full effective­
ness as too much material would have to be removed from the 
tip to obtain a smooth surface. Also, after hundreds of 
polishings, a probe may lose its effectiveness due to actual 
shortening of the probe because a small amount of material is 
removed from the probe tip with each polishing. Experience 
has shown that a probe may be used satisfactorily for well 
over 100 hours if the probe is carefully polished and no pits 
are allowed to develop. 
Clay values of soils dispersed by a new probe, by a 
severely eroded probe, and by a probe repeatedly and carefully 
polished are shown in Table 8, A smaller average clay value 
is obtained with the eroded probe, but the probe that has been 
polished is still as effective as a new probe. A possible 
explanation for failure to achieve satisfactory dispersion 
with a probe-type vibrator is the use of a probe that is 
severely eroded or shortened from its original length. 
Because a reduction in the power output from the probe 
could result from pitting of the probe tip or from a decrease 
in probe length, a procedure was needed which could assess the 
power output from the probe to compare the power output of a 
probe from month to month and to compare the power output among 
probes. A procedure which was found acceptable was to immerse 
the probe tip to a loiovm constant depth (ca. 2 cm) in a beaker 
of water (400 ml beaker containing 200 ml of water) that stands 
on a balance pan. The difference in weight of the beaker with 
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Table 8. Effect of probe condition on dispersion of soils 
with a probe-type vibrators-
Soil 
Regina 
Glencoe 
Okoboji 
Hayden 
Probe condition 
N 
73.9 
46.1 
34.8 
11.4 
-Percentage-clay value-
64.1 
38.6 
25.1 
8.1 
73.4 
45.8 
34.3 
11.5 
Average 41.5 34.0 41.2 
^Cooled soil suspension (10 g soil/25 ml water) was 
vibrated (Branson Model W-I85 C Sonifier) in a stainless steel 
test tube for I5 min with the ultrasonic power adjusted to give 
an output meter reading of 80. 
^N, probe that had been used for less than 1 hour; E, 
probe that had been used approximately 40 hours without polish­
ing; P, probe that had been used for approximately 100 hours 
but had been polished after every 30 min of use. 
the vibrator turned on and turned off provides a very satis­
factory check on the power output. When this procedure was 
used to assess the power output from the probes used in the 
work reported In Table 8, the values obtained with the new and 
polished probes were almost identical (14.9-15.^ g) and were 
considerably higher than the values obtained with the pitted 
probe (3.2-7.8 g). 
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Evaluation of ultrasonic dispersion techniques 
Comparison of ultrasonic and chemical methods of disper­
sion Because the specific operational conditions of the 
standard ultrasonic dispersion procedure were selected on the 
basis of results from a very limited number of soils, further 
evaluation of the ultrasonic dispersion procedure with a 
much wider range of soils was essential. To accomplish 
this evaluation, 28 soils representing nine of the ten orders 
of the 7th Approximation (Soil Survey Staff, I96O) were dis­
persed by the ultrasonic vibration procedure developed in this 
study and by the peroxide-sodium polyphosphate method of 
Kilmer and Alexander (I949), The Kilmer-Alexander procedure 
was used for this comparison because it is the most widely 
used chemical method of dispersion and has been adopted as a 
standard dispersion procedure for a wide range of soils 
(Soil Survey Staff, I96O). 
The percentage-clay values obtained for the 28 soils 
after chemical dispersion are plotted, in Figure 1, against the 
percentage-clay values obtained for these soils after ultra­
sonic dispersion. Figure 1 shows that, with each of the 28 
soils studied, the percentage-clay values obtained after ul­
trasonic dispersion were equal to, or higher than, those values 
obtained after chemical dispersion by the Kilmer-Alexander 
procedure. Per I3 of the 28 soils, the two methods gave 
percentage-clay values that did not differ by more than 2.5 
percent clay (Appendix, Tables 52 and 53)« But the ultrasonic 
Figure 1. Comparison of percentage-clay values obtained for 
soils dispersed by ultrasonic and chemical methods 
(28 soils) 
PERCENTA6E:-CLAY VALUE AFTER ULTRASONIC DISPERSION 
ro  ^ cr> oo o 
O o o o o 
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vibration procedure resulted in substantially higher clay 
values (increases of 6,0-17.4% clay) for soils from the warmer 
regions of the United States (soils 2, 6, 9, 10, 13, 19, and.26) 
and in slightly higher clay values (increases of 3.6-7,0# 
clay) for soils with high amounts of organic matter (soils 7» 
16, and 23). 
These results show that ultrasonic vibration will effec­
tively disrupt common soil aggregating forces (organic matter, 
dehydrated oxides of iron and aluminum, colloidal clay, and 
calcium carbonate). The method of action of ultrasonic vibra­
tion seems to be independent of any one type of aggregating 
force, thereby making it effective with a much wider range of 
soils than most chemical dispersion procedures which act only 
on a specific aggregating agent. 
Comparison of probe- and tank-type vibrators As noted 
previously, Saly (I967) and Bourget (I968) have reported fail­
ure to disperse soils by ultrasonic vibration of soil-water 
suspensions. But they used tank-type vibrators, and previous 
considerations of characteristics of ultrasonic instruments 
suggests that tank-type vibrators might be ineffective in dis­
persing soils. A direct comparison of the dispersion obtained 
with probe- and tank-type vibrators was made to evaluate the 
effectiveness of the tank-type of vibrator for dispersing 
soils. The results of this comparison are shown in Table 9» 
The average percentage-clay values obtained after dis­
persion of soils with the tank-type vibrator (method A, yi%', 
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Table 9» Comparison of percentage-clay values obtained for 
soils dispersed by probe- and tank-type vibrators 
Method of dispersion 
Tank-type vibrator^ 
Probe-type 
Soil vibrator" A B C D 
Percentage-clay value 
Regina 73.9 40.8 67.7 70.6 65.7 
Wahiawa 81.3 46.3 55.9 72.1 44.3 
Clarence 59.3 45.5 55.0 56.5 51.8 
Glencoe 46.1 32,3 35.6 38.9 38.0 
Webster 36.4 21.5 25.1 29.7 20.3 
Sharpsburg 32.4 22.0 22.6 28.1 27.0 
Hayden 11,4 7.3 6.1 8.3 7.7 
Average 48.7 31.0 38.3 43.4 36.4 
^Branson Model 220 Ultrasonic Cleaner. A, soil suspen­
sion (10 g scll/25 ".1 vjatcr) was vibrated for I5 m in in 125 ml 
Erlenmeyer flask placed in tank; B, as in A, but used 100 ml 
water instead of 25; C, as in B, but soil suspension was 
vibrated directly in the tank; D, soil suspension (20 g soil/ 
100 ml water) was vibrated for 30 min in 125 ml Erlenmeyer 
flask placed in tank. 
^Branson Model W-185-C Sonifier. Cooled soil suspension 
(10 g soil/25 ml water) was vibrated in a stainless steel 
test tube for I5 min with ths ultrasonic power adjusted to 
give an output meter reading of 80. 
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method B, 38^{ method C, 43; method D, 36^) do not equal 
the average percentage-clay value obtained after dispersing 
soils with the probe-type vibrator (49^), nor do they equal the 
average percentage-clay value obtained for these same soils by 
chemical dispersion (44%). These data show that the tank-type 
vibrator is ineffective in dispersing soils and thereby explain 
why Saly (I967) and Bourget (1968) could not disperse soils by 
ultrasonic vibration wi^jiout the use of dispersing reagents or 
chemical treatments. 
Further work has confirmed the findings of Saly (196?) and 
Bourget (1968) that addition of dispersing reagents to samples 
vibrated in tank-type instruments will bring about complete 
dispersion. 
Use of tank-type vibrators Is complicated by poor repro­
ducibility of results and it was observed that swirling the 
soil suspensions every five minutes during vibration will in­
crease the reproducibility. Further evidence of the problems 
involved in using tank-type vibrators has been provided by 
Welssler and Hine (I962) who have shown that cavitation in­
tensity in ultrasonic tank-type vibrators varies greatly with 
placement of the sample in the tank in relation to the trans­
ducer, height of water in the tank,and length of continuous 
operation of the Instrument. 
Effects of presoaking soil in water and of vibrating soil 
in dispersing reagent Ultrasonic vibration of soil, at a 
fired power intensity, must be continued for a definite length 
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of time If satisfactory dispersion is to be achieved. If 
ultrasonic techniques are to be used for routine dispersion 
of soils, it would be desirable to keep the vibration time 
needed for satisfactory dispersion as short as possible. 
Table 10 shows the effects of presoaking soil in water and of 
vibrating soil in dispersing reagent on the clay values ob­
tained for soils after ultrasonic vibration for various times 
with the Branson Bonifier. The effect of soaking soil in 
water for 24 hours before vibration was studied because Vladi-
mirov (1968) suggested this pretreatment as a means of reduc­
ing the vibration time required for dispersion of soil by ul­
trasonic methods. The effect of vibrating soil in dispersing 
reagent instead of water was studied because Saly (196?) and 
Emerson (1971) vibrated soils for short lengths of time in 
dispersing reagent, and in water, and reported higher clay 
values for the soils vibrated in dispersing reagent. They con­
cluded that the lower clay values observed for soils after 
vibration in water resulted from incomplete dispersion or from 
partial flocculation of these soil-water suspensions. 
Table 10 shows that both presoaking soil in water for 24 
hours and vibrating soil in dispersing reagent instead of water 
increased the clay values obtained when soil suspensions were 
vibrated for short times (1.5 or 5 min), but did not increase 
the clay values obtained when these suspensions were vibrated 
for 15 minutes (i.e., for the time of vibration that gave sat­
isfactory results in the standard dispersion treatment). 
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Table 10, Effects of presoaklng soil in water and of vibrat­
ing soil in dispersing reagent on percentage-clay 
values obtained after ultrasonic vibration of soil 
suspensions for various times 
Vibration time (min) 
Soil 
Dispersion 
technique®' 1.5 5 15 
•Percentage-clay value—— 
Glencoe A 37.6 42,6 46,1 
B 38,3 42.5 45,6 
C 41,9 43.8 45.7 
Webster A 23.8 32,2 36,4 
B 27.0 33.3 35.6 
G 31.1 34.3 35.7 
Clarence B A 49.1 51.5 59.3 
B 57.1 57.6 58.7 
C 55.5 57.4 58.9 
Davidson A 30.5 36.7 41,5 
B 31.8 37.7 41.2 
C 36.6 40,4 42.1 
cooled soil suspension (10 g soil/2.5 ml water) was 
vibrated (Branson Model W-IS5 û Bonifier) in a stainless steel 
test tube with the ultrasonic power adjusted to give an output 
meter reading of 80; B, as in A, but the soil-water suspension 
was allowed to stand 24 hours before vibration; C, as in A, but 
the 25 ml of water contained 0,357 g Galgon and 0,079 g soditM 
carbonate. 
Edwards and Bremner (lyoyb) also found that addition of a dis­
persing reagent before vibration increased the clay value ob­
tained after ultrasonic vibration of a soil only when the time 
of vibration was shorter than that needed for dispersion in 
the absence of a dispersing reagent. The results presented 
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here, and those of Edwards and Bremner (1967b), Indicate that 
the higher clay values observed, by Saly (I967)and Emerson 
(1971)» when soils are vibrated in dispersing reagent instead 
of water could best be explained as an enhancement of soil 
dispersion by the dispersing reagent that is detectable only 
when the time of vibration is shorter than that needed for 
complete dispersion of soil-water suspensions. 
Stability of vibrated suspensions Sedimentation tech­
niques used for particle-size analysis and for bulk separation 
of soil fractions can be applied only if the soil suspension 
is stable for the length of time needed to make the analysis 
or separation. If flocculation occurs, the clay-sized par­
ticles will not be acting independently. The floccules formed 
will settle with the same velocity as sand- or silt-sized 
particles, thereby vitiating any analysis or separation. 
The customary means of stopping flocculation has been 
addition of dispersing reagents to the soil suspensions. The 
necessity of this practice has been almost universally accepted, 
as a prevailing concept of soil dispersion holds that a highly-
hydrated monovalent ion should be on the exchange complex of 
the clay to obtain maximum dispersion and stability of the 
suspension. The unquestioning acceptance of this concept has 
led to general skepticism of claims that soils, especially 
calcareous soils, would form stable suspensions when dispersed 
in water by ultrasonic vibration. 
A means of determining the stability of soil suspensions 
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is to monitor the clay content of a soil as a function of time 
after dispersion. If the soil suspension is stable, the mea­
sured clay content of the soil should not change with time 
after dispersion. Edwards and Bremner (1967a) and Vladimirov 
(I968) found that sonified aqueous suspensions of a variety 
of soils were stable for at least 9 days. In contrast, 01m-
stead (1931)# Saly (I967), and Emerson (1971) have reported 
flocculation of sonified soil-water suspensions. 
Figure 2 shows results obtained with I6 of the 28 soils 
described in Table 1 in a study of the stability of the sus­
pensions obtained by vibrating 10 g of soil in 25 ml of water 
for 15 minutes as in the procedure described for ultrasonic 
dispersion of soils with the Branson probe-type vibrator. It 
can be seen that no flocculation occurred when vibrated sus­
pensions of these soils were allowed to stand for 4 days. 
Similar results were obtained with all but one of the other 12 
soils described in Table 1 (Appendix, Tables 52 and 53)* The 
exception was the highly calcareous Houston soil (3^# CaCO^ 
equivalent). No flocculation was detected when vibrated sus­
pensions of this soil were allowed to stand for two days, but 
partial flocculation was detected after four days. 
Several of the soils used in this work resemble soils re= 
ported by Olmstead (1931), Saly (I967), and Emerson (1971) 
to form unstable suspensions on ultrasonic vibration in water. 
Two soils (soils 10 and 17) belong to the same series as 
a soil used by Olmstead (I93I), several (e.g., soils 1, 8, 24, 
Figure 2, Effect of time between dispersion and clay analysis 
on percentage-clay values obtained for soils dis­
persed by ultrasonic vibration 
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25, and 2?) belong to the same great soil groups as the soils 
used by Saly (I967), and others resemble soils found by Emer­
son (1971) to yield unstable suspensions when vibrated in 
water (e.g., soils 14 and 21, which have low organic-matter 
contents and high CaCOy equivalents, and soils 2, 6, 10, and 
17, which are acidic and contain kaolinite, hematite, and 
gibbsite). No explanation can be suggested for the divergence 
between these results and those of Olmstead (1931), Saly (I967), 
and Emerson (I97I). 
Effects of ultrasonic vibration on soil constituents 
The effects of ultrasonic vibration on chemical and bio­
logical systems have been reviewed by Weissler (1953), Grabar 
(1953), El'piner (1964), Margulis (I969), and Boucher (I970). 
Chemical reactions taking place in ultrasonic fields are 
thought to be Initiated with the production of free radicals 
from water and dissolved gases (for refs,. see Boucher. 19?0: 
Margulis, 1969). Possible reactions which might occur include 
synthesis of inorganic compounds (H2O2, NO^, NO2» NH^), altera­
tion of oxidation-reduction states, and various molecular re­
arrangements and cleavages (for refs., see Weissler, 1953; 
El-piner, 1964; Margulis, 1969; Boucher, 19?0). Biological 
effects of ultrasonic waves are manifested by the destruction 
of bacterial, animal, and plant cells and cell structures, by 
the depolymerization of biomacromolecules, and by the inacti-
vation of enzymes (for refs., see Grabar, 1953; El'piner, 1964). 
56 
The extent to which the chemical and biological effects 
that are observed In pure systems take place In more complex 
soil-water suspensions Is uncertain. Watson (1971) has 
speculated that the association of various soil constituents 
with clay minerals may provide these soli constituents with 
protection against alteration by ultrasonic vibration. It is 
also possible that any free radicals formed are rapidly re­
moved by soil constituents with negligible effect. 
Evaluation by Edwards and Bremner (1967a), Saly (I967), 
and Vladimlrov (I968) showed that ultrasonic vibration produced 
only slight changes in the soil properties studied (pH, water-
soluble material, conductivity). However, the ultrasonic power 
intensity levels used by these individuals were not as great as 
those used in the present work, and evidence from studies on 
chemical reactions in pure solutions indicates that ultrasonic 
power levels greatly Influence effects of ultrasonic vibration 
(for xciSf, 566 Welsâlèr, 1953; Margulls, I969). 
The effect of ultrasonic vibration treatments on soil was 
determined by performing a variety of physical and chemical 
analyses on shaken and vibrated soil-water suspensions. 
The three vibration treatments evaluated were: 
A. Dispersion by the standard treatment, 
B. Dispersion as in A, but the soil-water suspensions 
were not cooled during vibration, 
C. Dispersion as in A, but the time of vibration was ex­
tended to 60 minutes and the power output was increased 
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to give a meter reading of 120, 
The control treatment was performed by shaking 10 g of soil 
and 25 ml of water in a llO-ml bottle on a reciprocal 
shaker (265 cycles/min) for 90 minutes. 
Average results of the physical and chemical analyses per­
formed on shaken and vibrated soils (soils 7, 15# 18, 22, and 
25) are presented in Table 11. The data for the individual 
soils are in Appendix Tables 5^-58. The soil-water suspen­
sions given the standard ultrasonic vibration treatment were 
found to have the same average values for pH, cation-exchange 
capacity, and contents of exchangeable MgZ NHij!, NO J, 
and NOg as those soil-water suspensions given the shaking 
treatment. Further comparison of the averaged results of the 
physical and chemical analyses performed on the shaken sus­
pensions and on the suspensions given the standard vibration 
treatment shows that those soils given the standard ultrasonic 
treatment had: 
1. a slight increase in water-soluble material (2 mg), 
2, an iner-ease in the percentage of soil organic carbon 
(0,5^)» soil total nitrogen (0,1#), and soil total 
sulfur (O.3#) that is water soluble, 
3e a decrease in the percentage of soil total phos­
phorus (O.SJ^) that is water soluble, and 
4» a slight increase in the conductivity of the water 
extract (0.005 mmhos/cm). 
Comparison of the second ultrasonic vibration treatment (B) 
58 
Table 11» Average results of analyses performed on shaken 
and vibrated soil-water suspensions* 
Average result 
. . Vibrated suspension 
Shaken ^ 
c Analysis performed suspension ABC 
pH (soil:water ratio, 6.7 6,7 6,7 6,8 
1:2.5) 
Water-soluble material 8.7 11,0 17,4 15»3 
(mg/10 g Sol i )  
Water-soluble organic C 1,7 2,2 3*5 3.4 
{% of total soil organic C) 
Water-soluble total N 1,6 1-7 2=3 2-8 
i,% of total soil N) 
Water-soluble total S 3,0 3,3 4,5 5,2 
of total soil S) 
Water-soluble total P 1.7 0,9 1,0 1,0 
of total soil P) 
Conductivity of water 0.111 O.II6 O.I3I 0.121 
extract (mmhos/cm) 
&Glencoe, 8harpsburg, Harpster, Nicollet, and Lindley 
soils. 
^A, cooled soil suspension (10 g soil/25 ml water) was 
vibrated (Branson Model W-I85 C Bonifier) in a stainless steel 
test tube for I5 min with the ultrasonic power adjusted to give 
an output meter reading of 80; B, as in A, but the soil suspen­
sion was not cooled during vibration; C, as in A, but the vi­
bration time was extended to 80 min and the ultrasonic po^sr 
was increased to give an output meter reading of 120, 
®Soll suspension (10 g soll/25 ml water) was shaken 
on reciprocal shaker (265 cycles/mln) for 90 min. 
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Table 11, (Continued) 
Average result 
Analysis performed 
Shaken 
suspension 
Vibrated suspension 
A B C  
Cation-exchange capacity 
(meq/100 g soil) 
Exchangeable Ca*^ 
(meq/100 g soil) 
Exchangeable Mg 
(meq/100 g soil) 
Exchangeable K 
(meq/100 g soil) 
Exchangeable NH/.-N 
(ppm) 
Exchangeable (NO? + NOq)-N 
( ppm) 
31.9 
20.9 
4.8 
1.0 
15.0 
14.8 
32.1 
4.8 
1.0 
34.2 36.5 
21.2 20.6 21.2 
4.8 
1.1 
15.6 17.0 
5.0 
1.8 
22.8 
15,4 16.2 14,6 
^Average of results of four soils (Glencoe, Sharpsburg, 
Nicollet, and Lindley soils). 
with the standard ultrasonic treatment (A) shows that those 
soils that were not cooled during vibration (ultrasonic 
treatment B) had: 
1. an increase in water-soluble material (6mg), 
2. an increase in the percentage of soil organic carbon 
(1,3^1, soil total nitrogen (0,6#), and soil total 
sulfur (1.2#) that is water soluble, 
39 an increase in the conductivity of the water extract 
(0.015 mmhos/cm), and 
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4, an increase in the cation-exchange capacity (2 meq/ 
100 g soil). 
Comparison of the third ultrasonic vibration treatment (C) 
with the standard ultrasonic treatment (A) shows that those 
soils that were vibrated for a longer time at a higher vibra­
tion intensity (ultrasonic treatment C) had: 
1. a slight increase in pH (0,1 pH units), 
2. an increase in water-soluble material (4 mg), 
3. an increase in the percentage of soil organic carbon 
(1.2#), soil total nitrogen (1,1#), and soil total 
sulfur (2.1#) that is water soluble, 
4. a slight increase in the conductivity of the water 
extract (0,005 mmhos/cm), 
5» an increase in the cation-exchange capacity (4 meq./ 
100 g), and 
6, an increase in the contents of exchangeable K"*" (0.8 
meq/lûû g) and exchangeable (7 ppm). 
The effects of ultrasonic vibration on soils observed in 
this study are, in most cases, of the same order of magnitude 
as the effects observed by other investigators. Edwards and 
Bremner (1967a) found an average (10 soils) increase in soil pH 
of 0.1 pH units after ultrasonic vibration treatment of soil 
for 60 minutes. Vladimirov (I968) found an average (7 soils) 
increase in soil pH of 0,2 pH units after vibration for 30 
minutes. In contrast, Saly (I967) observed a decrease In soil 
pH with 15 minutes of vibration, and Panning (I965) found that 
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soil pH decreased with short times of vibration, "but increased 
when vibration times were 1 hour or longer. The pH changes 
observed in this study are, if anything, less than those ob­
served by these individuals, 
Edwards and Bremner (1967a) observed an approximate 1:1 
relationship between increase in conductivity and percentage 
increase in water-soluble material. They interpreted this to 
indicate that the soil material dissolved by ultrasonic 
vibration is un-ionized. They found an average Increase in 
conductivity of 0,020 mmhos/cm and an average increase of 
0,018# in water-soluble material. The increases observed in 
my study in the conductivity of the water extract and in the 
amount of water-soluble material are similar to those observed 
by Edwards and Bremner (1967a), 
Chichester (I969) found 11% of the total nitrogen and 
of the total carbon in a soil in water-soluble form after an 
ultrasonic vibration treatment in which the temperature of the 
soil-water suspension increased from 26 to Stanford, 
Legg, and Chichester (1970) report that 33# of the nitrogen in 
a soil could be extracted with water when the temperature of 
the vibrated soil-water suspension was allowed to reach 70°C, 
The results, of the experiments performed in this study do not 
support the conclusions of Chichester (I969) and Stanford, 
Legg, and Chichester (I97O), The maximum percentage of the 
organic carbon or total nitrogen In soil that was water-soluble 
after ultrasonic vibration of any soil used in this study was 
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less than 5/^ and the average value for all soils was less 
than A possible explanation of the difference observed 
is that the ultrasonic treatments used by Chichester (I969) 
and Stanford, Legg, and Chichester (1970) were more destruc­
tive to soil organic matter than the ultrasonic treatments 
used in my study, 
Saly (1967) analyzed the water extracts of shaken and 
vibrated soil suspensions for potassium, magnesium, calcium, 
aluminum, silicon, and manganese and found that they had 
similar contents of these elements# Smith, Clark, and Scott 
(1968) investigated the effects of ultrasonic vibration on the 
rate of extraction of potassium from Marshall soil with 1.7 M 
Nad*3 M NaTPB'0,01 M EDTA and found that ultrasonic vibration 
increased the amount of potassium that could be extracted 
and the rate at which extraction occurred. In my study, the 
amounts of calcium, magnesium, and potassium extracted from 
shaken and vibrated soil suspensions by 1 M NHi|,ciA.c (pH y.O) 
were determined. The amounts of calcium and magnesium es= 
traeted were similar for all treatments tested, but a higher 
amount of potassium was extracted with ultrasonic treatment 
C than with any other treatment. Smith and Scott (I966) and 
Saly (1967) have shown that extensive ultrasonic vibration 
treatment will enhance the extraction of potassium from 
illite and hydromica, respectively» 
The main conclusion that can be reached from the data 
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presented in Table 11 is that the effect of ultrasonic 
vibration on soil constituents is very small. There is no 
evidence that ultrasonic vibration solubilizes a significant 
amount of any organic or inorganic soil component or alters 
soil properties in any other way, 
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SEPARATION OP SOIL INTO SIZE FRACTIONS 
Introduction 
The objectives of the work reported in this section were 
to develop a large-scale procedure that can be used to quan­
titatively separate soil particles into fractions having 
specific size limits and to determine how the large-scale 
separation procedure affects subsequent characterization of the 
of the soil fractions separated. The steps that must be taken 
to isolate soil particle-size fractions are dispersion of the 
soil into primary particles and separation of the primary 
particles into size fractions by physical techniques. If 
dispersion is complete and the separation procedure is care­
fully performed, all the primary soil particles that have 
diameters between certain upper and lower size limits will be 
separated in one fraction. However, if dispersion is not 
complete, the larger particle-size fractions will contain 
aggregates of smaller particles, thereby causing the char­
acterization of both ths large and small partiole—size frac­
tions to be incorrect and open to the criticism that the 
material separated did not accurately represent the defined 
size fraction. The physical techniques used for the large-
scale separation in this study were adopted from general 
procedures described by Jackson (195^, p. 100=165). Particles 
were separated into size fractions by a ^OO-mesh sieve and by 
their different sedimentation velocities in water (Stoke*s law). 
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As several assumptions must be made to apply Stoke's 
law, a brief discussion of its use in separating soil parti­
cles is in order. Kohnke (I968) expresses Stoke's law in its 
simplest mathematical form as V = Kr^ where V is the velocity 
of fall of a particle, K is a constant incorporating specific 
conditions of temperature, particle density, and gravitational 
force, and r is the radius of the particle. 
The working forms of Stoke's law are best expressed by 
Jackson (195^1 p. 110 and 12?) as 
18 n h 
t = iTvs-jl (li 
for gravitational sedimentation, and as 
63.0 X 10^ n log,(, I 
t= T : ^ (2) 
io B
(N„)2 (Dp)2 (8p.8i) 
for sedimentation by centrifugation. 
In enuation 1, t is the time of fall in seconds» n is 
the viscosity in poises, h is the depth of fall in cm, g is 
the gravitational constant, Sp is the specific gravity of the 
particle, S^ is the specific gravity of the liquid, and D is 
the particle diameter in cm. 
In equation 2, t is the time of centrifugation in minutes, 
n is the viscosity in poises, R is the radius, in cm, of rota­
tion of the top of the sediment in the tube, S is the radius, 
in cm, of rotation of the surface of the suspension in the 
tube, Njjj is the revolutions per minute, D„ is the particle 
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diameter In microns, is the specific gravity of the 
particle, and is the specific gravity of the liquid. 
Stoke's law is valid, according to Kohnke (I968, p. 95 and 
96), Tinder the following conditions t 
1. Particles must be spherical and rigid, 
2. Particles must be large in comparison with the 
molecules of the liquid so that Brownian movement 
will not affect the fallo 
3. Pall of the particles must be unhindered; the vis­
cosity of the liquid must be the only resistance to 
the fall of the particle, 
4. Particles must be of uniform density, 
5. The suspension must be still. 
These conditions place certain limitations and restric­
tions on the application of Stoke's law to the separation of 
soil particles. Even the briefest visual examination will 
reveal that soil particles are not spherical. The sand- and 
silt-sized particles are approximately spherical in shape, 
but most clay-size particles are plate-shaped. This problem 
has been circumvented by the introduction of the concept of 
"equivalent spherical diameter". Equivalent spherical di­
ameter is defined as the radius of a sphere of the same materl= 
al which would fall with the same velocity as the particle in 
question. Condition 2 sets the lower size limit on particles 
that may be separated as 0,2 microns if gravity sedimented and as 
0,006 microns if sedimented by centrifuge. Condition 3 limits 
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the suspension concentration to or less and sets an upper 
limit of 80 microns on the size of particles that may be 
determined. 
Soil particles do not conform to condition 4. The den­
sity of a soil particle depends on its mineral composition, 
organic matter content, and degree of hydration. The densities 
of several mineral soil constituents are listed by Kohnke 
(1968, p. 85) and they range from 5,3 g/cm^ as the upper den­
sity limit for hematite to 2.2 g/cm^ as the lower density limit 
for kaolinite. Association of large quantities of organic 
matter or water of hydration with soil mineral particles will 
effectively decrease their densities. In actual practice, 
the effects of water of hydration and organic matter are 
usually ignored and a value of 2.61-2.65 g/cm^ is accepted as 
an average density of all soil mineral particles. It should be 
recognized that those soil particles that have an actual 
density less than the assumed density will be separated at a 
diameter greater than the stated diameter. For example, par­
ticles with a diameter of three microns and an actual density 
considerably lower than the assumed density, would be separated 
as if they had a diameter of two microns or less. In the 
strictest sense, all that can be said of particles that com-
pose a certain particle-size fraction is that they have equal 
sedimentation velocities. 
Condition 5 depends on the experimental conditions used 
to make the separation. Sedimentation should be done at a 
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constant temperature in an area where the suspension will not 
be subject to movement or vibration during the time required 
for the separation. 
It is visually apparent that the properties of the largest 
soil particles are vastly different from the properties of the 
smallest soil particles, but the transition in properties 
from particles of large size to those of small size is a 
gradual continuum. Because there is no naturally occurring 
size at which particle properties change sharply, the selec­
tion of specific size limits for the particle-size fractions 
Is an arbitrary process and various conventions are in exis­
tence throughout the world (Jackson, 1956, p. 103). The size 
limits used in this study are those used by the United States 
Department of Agriculture (Soil Survey Staff, 1951» p, 207). 
The sand fraction contains particles 2000-50 microns in di­
ameter; the silt fraction contains particles 50-2 microns in 
diameter; and the clay fraction contains particles less than 
2 microns in diameter. 
It is worth noting that other workers have used different 
specific size limits to define their sand, silt and clay frac­
tions, and have split the sand, silt and clay fractions them­
selves into several sub-fractions having a narrower range of 
size limits. In reviewing the available literature on char­
acterization of soil particle-size fractions, more than 20 dif­
ferent conventions were noted for size limits of the fractions. 
The specific sizes that have been used for the upper limit of 
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the clay fraction range from 1 to 5 microns and the sizes for 
the upper limit of the silt fraction range from 20 to 100 
microns. This lack of uniformity in defining size limits of 
the fractions makes it difficult to compare the results of the 
various individuals who have worked in this area. 
Materials and Methods 
Soils 
The soils used (Table 12) were selected to obtain a range 
in pH (5,1-7.7), organic matter (2,4-16,2#),and texture (2-52# 
sand, 28-62# silt, 15-^2# clay). The samples included soils 
formed under forest (soils 1, 8, and 9) and prairie vegetation 
(soils 2-7 and 10-13)» and soils developed from glacial till 
(Kansan drift, soil 1; Gary drift, soils 3i 7» and 10-13), 
from local alluvium on till (soils 2, 4, and 5), from loess 
deposits (soil 6), and from lacustrine deposits (soils 8 and 
9), Soils 8-13 are paired virgin and cultivated samples. The 
Superior soils are from Calumet County, Wisconsin. The virgin 
Nicollet and Webster soils are from the Kaisow Prairie, 
Pocahontas County, Iowa, and their cultivated counterparts are 
from farmland adjoining the prairie. All soils are surface 
(O-I5 cm) samples. Before use the samples were air-dried and 
crushed to pass a 2-mm sieve. 
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Table 12. Description of soils used in studies to character­
ize particle-size fractions of soils 
Soil 
No, Series®' PH 
Organic 
matter 
% 
CaCOo 
equiva­
lent 
% 
Sand 
% 
Silt 
% 
Clay 
% 
1 Lindley 5.8 2.4 0 41 44 15 
2 Clyde 5.1 7.6 0 15 57 28 
3 Harpster 7.7 7.5 5.83 39 36 25 
4 Glencoe 7.0 11.2 0.18 9 49 42 
5 Okoboji 6,6 16,2 0,48 10 62 28 
6 Marcus 6,1 6,8 0 2 60 38 
7 Nicollet 6.7 2,6 0 52 28 20 
8 Superior V 7.1 8,0 3.58 6 59 35 
9 Superior C 7.3 3.6 2.83 10 52 38 
10 Nicollet V 5.9 10,2 0 19 48 33 
11 Nicollet C 5.8 5.9 0 23 45 32 
12 Webster V 6.7 10.7 0,06 19 46 35 
13 Webster C 6.0 7.0 0 17 49 34 
and C indicate a virgin soil (V) and its cultivated 
counterpart (C). 
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Analytical procedures 
In the analyses reported In Table 12, pH was determined 
by glass electrode (soiltwater ratio, 1:1). Organic matter was 
estimated by multiplying the organic carbon content by a 
factor of 1,8. The organic carbon content was taken as the 
difference between total carbon content (Tabatabal and Brem-
ner, 1970a) and Inorganic carbon content (Anderson and Harris, 
1967). CaCO^ equivalent was calculated from the Inorganic 
carbon content (Anderson and Harris, I967), and the particle 
size values were obtained by the procedure of Kilmer and 
Alexander (1949). 
In the analyses reported In Table I5, total carbon was 
determined by the method of Tabatabal and Bremner (1970a), 
total nitrogen was determined by the method of Bremner (I96O), 
total sulfur was determined by the method of Tabatabal and 
Bremner (1970b), and total phosphorus was determined by the 
method or Tandon, cescas, and Tyner (I966). 
Large-scale separation procedures 
The large-scale separation procedures developed for this 
study combine soil dispersion by ultrasonic vibration with 
physical separation of the fractions by techniques adopted from 
Jackson (1956, p» IOO-I65)» 
The ultrasonic dispersion treatment consisted of vibrating 
(Branson Model W-I85 C Bonifier) soil suspensions (60 g soil/ 
150 ml water) for 30 minutes with the ultrasonic power of the 
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vibrator adjusted to give an output meter reading of 100, 
The samples were held in a 250-ml stainless steel beaker which 
was fitted with a Plexiglas cooling jacket, and the flow of 
cold water through the jacket was sufficient to maintain the 
temperature of the vibrated sample below 20°C. The soil 
samples were stirred magnetically during vibration with a 
Teflon-coated stirring bar. 
To obtain sufficient quantities of all particle-size 
fractions, 20 replicates of each soil were ultrasonically dis­
persed. After ultrasonic vibration treatment, the dispersed 
soil was transferred to a large container so that all repli­
cates could be pooled. 
The dispersed soil was poured onto a 300-mesh sieve and 
carefully washed with a stream of distilled water dispensed 
under slight pressure. Approximately eight liters of water 
were used to wash the sand-sized material remaining on the 
sieve. The sand fraction was Immediately air-dried, weighed, 
and ground to pass an 80-mesh sieve. 
The clay-sized material was separated from the silt-
sized material by décantation after the silt-sized material 
had been sedimented by centrifugal force. The time of centri-
fugation required to make the separation was calculated ac­
cording to the equation given by Jackson (1956, p. 12?). A 
centrifuge speed of 500 rpm and a particle specific gravity of 
2.61 g/cm? were used to make the calculations. An Internation­
al centrifuge (Universal Model UV) equipped with a 976 head 
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(ij-place, pin-type) that held four 600-ml glass bottles was 
used to make the separation. 
The total volume of the soil suspension containing the 
silt- and clay-sized material was approximately 20 to 25 
liters. The soil suspension was mixed and allowed to stand for 
approximately I5 minutes, after which two liters were removed 
from the top of the suspension and transferred to the centri­
fuge "bottles0 After centrlfugatlon, the clay-sized material 
was removed with a vacuum operated siphon. Another two liters 
of soil suspension were added to the centrifuge bottles and 
were used to resuspend the sedlmented material before another 
centrlfugatlon. This process was repeated until the entire 
stock of soil suspension was exhausted. At this stage, the 
material sedlmented during centrlfugatlon was resuspended in 
distilled water. This process of centrlfugatlon and resuspen-
slon in distilled water was continued until no further clay-
sized material could be separated. The material remaining 
in the centrifuge bottles (the silt fraction) was immedi­
ately air-dried, weighed, and ground to pass an 80-mesh sieve. 
The suspensions containing the clay-sized material of the 
Llndley, Clyde, Harpster, and Glencoe soils were divided, 
with 2/3 of the suspension volume reserved for further frac= 
tlonatlon of the clay-sized material. The remainder of the 
clay suspension from these four soils and the entire clay 
suspensions from each of the other soils was concentrated 
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by filtration with an auto-irrigator^, lyophilized, weighed, 
and crushed to pass an 80-mesh sieve. 
The clay-sized material from the Lindley, Clyde, Harp-
ster, and Glencoe soils was separated into coarse, medium, 
and fine clay-sized fractions. The separations were made with 
a Sorvall 88-1 superspeed angle-head centrifuge equipped with 
Sorvall's 8zent-Gyorgyi and Blum 8-tube continuous flow system. 
The coarse clay fraction was sedimented by passing the 
clay suspension through the centrifuge at a flow rate of 270 
ml/min with a centrifuge speed of 4,500 rpm. The medium clay 
fraction was sedimented by using the same flow rate, but the 
centrifuge speed was increased to 12,500 rpm. The fine clay 
fraction was the material that passed through the centrifuge 
during sedimentation of the medium clay. At each level of 
separation, the material that sedimented out in the centrifuge 
was resuspended in distilled water and passed through the 
centrifuge again. This process was repeated until the liquid 
going through the centrifuge was essentially clear. These 
elay fractions were also coneentrated by filtration with an 
auto-irrlgator, lyophilized, weighed, and crushed to pass an 
80-mesh sieve. 
In order to evaluate the effect of the large-scale 
ceramic pot designed by L. A. Richards and manufactured 
by General Ceramics Company, New York, A detailed description 
of the auto-irrlgator is given in: L. A. Richards and W. E. 
Loomls, Limitations of auto-Irrigators for controlling soil 
moisture under growing plants. Plant Physiology I?, 223-235. 
1942. 
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separation procedure on the composition of the fractions Iso­
lated, the clay fraction was also separated from the Marcus 
and Nicollet soils with the large-scale procedure of Arshad 
and Lowe (I966), With this procedure the soil is placed in a 
large container, water is added and the soil suspension is 
stirred by hand. The material Is allowed to sediment under 
gravitational force, and after an appropriate settling time, 
the clay fraction is siphoned off. This process is repeated 
until no further clay is removed. These clay fractions were 
also concentrated by filtration with an auto-irrigator, 
lyophillzed, weighed, and ground to pass an 80-mesh sieve. 
Results and Discussion 
Validity of large-scale separation procedures 
Characterization studies on soil particle-size fractions 
can be completely valid only if all the primary soil particles 
Chat have diameters between certain upper and lower size 
limits are separated in one size fraction. Failure to accom­
plish such a separation will leave the characterization open 
to the criticism that the material studied did not accurately 
represent the defined size fraction. The validity of the 
entire separation procedure can be established only by compari­
son of the particle-size values obtained with the large-scale 
separation procedure to particle-size values obtained with a 
well established method for particle-size analysis that is in 
widespread use. It should be recognized that all methods for 
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particle-size analysis are relative as the values obtained 
depend primarily on the effectiveness of the dispersion pro­
cedure, For the purposes of this study, the chemical dis­
persion procedure of Kilmer and Alexander (19^9) was used for 
comparison# The Kilmer-Alexander procedure was used for this 
comparison because it is the most widely used chemical method 
of dispersion and has been adopted as a standard dispersion 
procedure for a wide range of soils (Soil Survey Staff, 1960). 
The particle-size distributions obtained after large-
scale separation of soil fractions are presented in Tables 
13 and 14, The validity of the large-scale separation pro­
cedure used in this study can be seen by comparing the particle-
size values reported in Tables 12 and 13» The average par-
ticle-size values obtained with the large-scale separation 
procedure, after correction for organic matter content (1,8 x 
organic C content), are identical to the average particle-size 
values obtained with the procedure of Kilmer and Alexander 
(1949). 
Similar comparisons of particle-size Values obtained with 
large-scale separation procedures aiid chemical dispersion pro­
cedures have been made by Brown and Byers (1932), Williams and 
Saunders (I956), Syers, Shah and Walker (I969), Parasher and 
Lowe (1970) and McKeague (1971)» 
Brown and Byers (1932) performed large-scale separation 
of silt (5-5}i) and clay K5p) fractions from eight soils after 
the soils were made alkaline with NHi|,OH and dispersed by 
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Table I3. Soil particle-size distributions based on the 
large-scale separations of fractions 
Particle-size distributions 
Soil Sand fraction Silt fraction Clay fraction 
No. Series % % % 
1 Lindley 38.5 (39) 45.2 (46) 16.3 (15) 
2 Clyde 13.2 (14) C
M 
(56) 32.6 (30) 
3 Harpster 33.3 (35) 39.8 (41) 26.9 (24) 
4 Glencoe 9.0 (10) 43.2 (45) 47.8 (45) 
5 Oko&oji 10.3 (11) 55.8 (57) 33.9 (32) 
6 Marcus 1.7 (2) 59.2 (61) 39.1 (37) 
7 Nicollet 50.4 (52) 29.3 (29) 20.3 (19) 
8 Superior V 6.2 (6) 58.1 (60) 35.7 (34) 
9 Superior C 9.9 (10) 51.0 (52) 39.1 (38) 
10 Nicollet V 18.4 (19) 45.5 (46) 36.1 (35) 
11 Nicollet C 22.0 (23) 44.9 (46) 33.1 (31) 
12 Webster V 18.0 (19) 43,0 (45) 39:0 (36) 
13 Webster C 16.1 (17) 48.6 (51) 35.3 (32) 
Average 19.0 (20) 47.5 (49) 3 3 * 5  ( 3 1 )  
&The values in parentheses represent the particle-size 
distributions after correction for organic matter. 
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Table 14-, Partlcle-slze distributions of soil clays based on 
the large-scale separation of fractions 
Particle-size distributions 
No. 
Soil 
, Series 
Coarse clay 
fraction 
% 
Medium clay 
fraction 
% 
Pine clay 
fraction 
% 
1 Lindley 35.6 27.5 36.9 
2 Clyde 46.4 28.4 25.2 
3 Harpster 29.7 30.5 39.8 
4 Glencoe 34.1 25.4 40.5 
Average 36.5 28.0 35.6 
mechanical stirring. They present data that show the soils 
had an average clay content of 20% and an average silt content 
of 11^ based on the large-scale separation of fractions. How­
ever. the average clay and silt contents of these soils were both 
found to be 25% when determined by conventional particle-size 
analysis. 
Williams and Saunders (1956) dispersed soil by shaking 
suspensions (50 g soil/500 ml water) on a reciprocal shaker for 
ID hours prior to separation of coarse sand, fine sand, silt, 
and clay fractions. They observed that the large-scale separa­
tion procedure yielded lower clay percentages and higher silt 
percentages than standard techniques for particle-size analysis. 
Direct analysis of the silt fractions separated by the large-
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scale procedure showed that they contained 6-17# clay, with 
the clay content of the silt fraction being greatest for sur­
face soils with high organic matter contents. 
Syers, Shah, and Walker (I969) separated coarse sand, 
fine sand, silt, and clay fractions from two New Zealand soils 
"by a water dispersion technique. The average contents of the 
partlcle-slze fractions based on the large-scale separation 
procedure were; fine sand, 55/^1 silt, 29%i clay, 11#. Corre­
sponding percentages obtained after conventional dispersion 
and particle-size analysis were: fine sand, 62#; silt, 22#; 
clay, 15#, 
Parasher and Lowe (1970) compared three large-scale 
separation methods for Isolation of clay-size organo-mlneral 
complexes from 26 Canadian soils. The methods compared were a 
simple water dispersion technique (samples just stirred in 
water by hand) used by Arshad and Lowe (I966), an ultrasonic 
technique in which the samples were held in test tubes and 
dispersed in a tank-type vibrator, and a technique in which 
the samples were shaken with Na-saturated chelating resin. 
The average contents of clay-sized material separated by the 
various large-scale procedures were: simple water dispersion, 
3#; ultrasonic vibration, 4#; Na-saturated chelating resin, 
13#. In comparison, the average clay content of the soils 
was 26# after chemical dispersion and conventional partlcle-
slze analysis. 
McKeague (1971) dispersed 17 Canadian soils ultrasonically 
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by vibrating 40 g of soil in 100 ml of water for 15 minutes. 
His data show that he separated, on average, 22% clay and 
3.4# fine clay by the large-scale separation procedure, but 
that he found 30# clay and 14.5# fine clay after chemical dis­
persion and pipet analysis. Analysis (by chemical dispersion 
and pipet analysis) of the fractions separated by the large-
scale procedure showed that the fine silt fractions (2-5 p) 
contained, on average, 33# clay and that the coarse silt frac­
tions (5-50 p)contained, on average, 10# clay. 
The overall results of these workers show that the large-
scale separation procedures used were not valid because the 
average clay contents based on large-scale separation pro­
cedures were smaller than the average clay contents based on 
pipet analysis after chemical dispersion. In corresponding 
fashion, the average silt and sand percentages obtained with 
large-scale separation were usually higher than similar per­
centages obtained with the conventional procedures for particle-
size analysis. 
Effect of large-scale separation procedures on characteriza­
tion of fractions 
The possibility exists that failure to quantitatively 
separate the fractions could cause any characterization of the 
fractions to be incorrect and misleading. This possibility 
was evaluated by characterization of the clay fractions 
separated from Marcus and Nicollet soils by two large-scale 
procedures. The first procedure used was the one developed 
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for this study and shown to quantitatively separate the clay 
fraction from a soil. The second procedure was the simple 
water dispersion procedure used by Paraaher and Lowe (1970) 
and Arshad and Lowe (I966), which is known to recover only 
part of the clay-sized material in soils. 
The contents of total carbon, nitrogen, sulfur, and 
phosphorus in the clay fractions separated by the two proce­
dures are given in Table I5. It is apparent that the proce­
dures isolate material having different compositions. The 
clay fractions isolated by the large-scale procedure of Arshad 
and Lowe (I966) have lower total contents of carbon, nitrogen, 
sulfur, and phosphorus than the clay fractions isolated by the 
large-scale separation procedure developed for this study. 
The average recovery of oven-dry material, total carbon, 
total nitrogen, total sulfur, and total phosphorus in the clay 
fractions separated by these two large-scale procedures is 
presented in Table 16, The recoveries of carbon, nitrogen, 
sulfur, and phosphorus in the clay fractions are approximately 
25% higher with the large-scale separation procedure developed 
for this study than with the procedure of Arshad and Lowe 
(1966), This finding can be accounted for by the lower con­
tents of carbon, nitrogen, sulfur, and phosphorus in the clay 
fractions separated with the procedure of Arshad and Lowe 
(1966) and by the failure of this procedure to separate all of 
the clay-sized material present in these soils. 
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Table 15» Effect of dispersion treatment on the total carbon, 
total nitrogen, total sulfur, and total phosphorus 
contents of clay fractions isolated from soils 
Fraction 
Dispersion 
treatment* 
Total 
carbon 
content 
% 
Total 
nitrogen 
content 
% 
Total 
sulfur 
content 
% 
Total 
phosphorus 
content 
% 
Marcus 
clay 
W 5.87 0,568 0.0752 0.125 
UV 6,86 0.659 0.0818 0.133 
Nicollet 
clay 
W 
UV 
4.51 
5.02 
0,456 
0.512 
0,06l4 
0.0798 
0.124 
0.141 
®W, dispersion consisted of repeatedly suspending samples 
in water by hand stirring; UV, dispersion performed by ultra­
sonic vibration. 
Table 16. Effect of dispersion treatment on the average re­
covery of soil components in clay fractions isolated 
from soils* 
Average recovery in clay fraction (#) 
Dispersion 
treatment 
Oven-dry 
material 
Total 
carbon 
Total 
nitrogen 
Total 
sulfur 
Total 
phosphorus 
W 22 46 50 52 55 
UV 30 71 77 77 74 
^Averaged values for Marcus and Nicollet soils. 
dispersion consisted of repeatedly suspending samples 
in water by hand stirring; UV, dispersion performed by ultra­
sonic vibration. 
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Recovery of soli material In fractions after large-scale 
separation 
The recovery of Initial soil material In the fractions 
s e p a r a t e d  b y  t h e  l a r g e - s c a l e  p r o c e d u r e  r a n g e d  f r o m  9 6 . t o  
99*8# with an average recovery of 98.9#, With two soils 
(Okoboji and Superior virgin) it was noted that material was 
lost during the large-scale separation procedure and with one 
soil (Harpster) subsequent analysis of the fractions showed that 
15% of the CaCOy had been solublllzed and not recovered. The 
average recovery of soil material was 99*4# if these three 
soils (Okoboji, Superior virgin, Harpster) are excluded. 
Very little data concerning recovery of soil material af­
ter large-scale separation of fractions have been published 
by other workers. Syers, Shah, and Walker (I969) report a 
range of recovery from 90.7# to 99.6# with an average value 
of 96.1#. Chichester (I968, 1970) gives data which indicate 
that he recovered 98=6# and 95=9# of the initial soil material 
in particle-size fractions. 
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SUMMARY AND CONCLUSIONS 
The objectives of the work described In Part I of this 
dissertation were: (1) to Investigate dispersion of soils by 
ultrasonic vibration; (2) to perform large-scale separation 
of sand-, silt-, and clay-sized fractions from soils that had 
been dispersed by ultrasonic vibration; (3) to determine how 
the large-scale separation procedure affected the subsequent 
characterization of clay fractions isolated from soils. 
The findings can be summarized as followst 
1. Ultrasonic vibration of soil-water suspensions with a 
Branson Model W-185 C Bonifier was found to be a high­
ly effective method of dispersing soils. Deslorable 
features of the Branson Bonifier are its probe-type 
mechanism for transmitting high-Intensity ultrasonic 
waves to the sample, its piezoelectric transducer for 
efficient conversion of electrical energy into méchant-
leal energy, its self-tuning mechanism for maintain­
ing an ultrasonic output of constant frequency and 
Intensity, and its output meter for reproducing a 
given level of ultrasonic power. Instrumental factors 
that were found to markedly Influence dispersion of 
soils with the Branson Bonifier are vibration inten­
sity (dispersion increases with intensity), vibration 
time (dispersion increases with time), soiliwater 
ratio of vibrated suspension (optimum ratio, 1:2.5), 
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and weight of soil vibrated at one time (dispersion 
decreases as weight increases). Instrumental factors 
that influenced dispersion to a minor extent, or not 
at all, are temperature of the soil-water suspension 
during vibration, type of probe used, and depth of 
immersion of the probe tip in the suspension. The 
conditions adopted for routine dispersion are to 
vibrate a cooled soil suspension (10 g soil/25 ml 
water) in a stainless steel test tube for 15 minutes 
with the ultrasonic power adjusted to give an output 
meter reading of 80. Comparative studies showed that 
dispersion achieved by ultrasonic vibration was better 
than, or equal to, dispersion achieved by chemical 
methods for a wide range of soils that contained all 
the common soil aggregating agents. The soil suspen­
sions produced by ultrasonic vibration were found to 
be stable (no flocculatlon of soil particles could 
be measured when soil-water suspensions were 
allowed to stand for two days after vibration). Com­
parison of dispersion achieved with probe-type and 
tank-type vibrators showed that tank-type vibrators 
are Inefficient and Ineffective for dispersing soils. 
Studies to determine the effect of ultrasonic vibra­
tion on soils showed that the effects of vibrating 
soil-water suspensions for the time required for com­
plete dispersion are mild and not significantly 
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different from those observed when soils are merely 
shaken with water. Other studies showed that to be 
able to detect significant effects of ultrasonic vi­
bration, it is necessary to vibrate soil-water sus­
pensions for a much longer time or to use a much 
higher intensity of vibration than is required for 
dispersion of soils, 
2. A large-scale separation procedure was developed for 
Isolation of sand, silt, and clay fractions from 
soils. The procedure incorporated dispersion of soil 
by ultrasonic vibration and separation of soil frac­
tions by standard physical procedures. The particle-
size distributions obtained for the soils fraction­
ated with the large-scale separation procedure were 
equivalent to the particle-size distributions obtained 
for these soils after chemical dispersion and pipet 
analysis. This means that the large-scale separation 
procedure separated soil particles quantitatively 
into several fractions, each of which contained 
particles that had definite upper and lower size 
limits. 
3. The clay fractions Isolated from two soils with the 
large-scale separation procedure developed for this 
study had higher contents of carbon, nitrogen, 
sulfur, and phosphorus and contained markedly higher 
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percentages of the total carbon, nitrogen, sulfur, 
and phosphorus found In the unfractionated soil 
than did clay fractions Isolated with a large-
scale procedure that did not quantitatively 
separate all the clay-sized material from the soils. 
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PART II. CHARACTERIZATION OP SAND-, SILT-, 
AND CLAY-SIZED FRACTIONS OF SOILS 
Characterization of an extremely complex system can "be 
made easier If It is separated Into fractions that are less 
heterogeneous than the original system. Isolation of frac­
tions from soil that differ with respect to partlcle-slze or 
particle-density will simplify characterization of the soil 
because such fractions usually contain similar types of mineral 
species and have organic matter present In a uniform physical 
state. Interpretation of basic analyses performed on these 
fractions Is much simpler than Interpretation of the same 
analyses performed on the whole soil. 
Characterization of soil particle-size fractions provides 
information on transformations occurring in soil that cannot 
be readily obtained by other means. Separation and character­
ization of soil fractions alleys interpretation of chemical 
weathering of soil minerals and other processes of soil forma­
tion. These techniques allow isolation of soil organic materi­
al at various stages of decomposition and also allow determina­
tion of the interaction of soil organic matter with soil min­
eral particles of various sizes. 
As an extensive characterization of soil partlcle-slze 
fractions could be extended Indefinitely and as the mineral 
nature of soil partlcle-slze fractions has been studied to 
a considerable extent, the primary emphasis of this study 
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was orientated towards a general 
organic material associated with 
characterization of the 
soil particle-size fractions. 
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CHEMICAL CHARACTERIZATION OP FRACTIONS 
Introduction 
One of the earliest approaches for acquiring basic knowl­
edge of soil systems has been the study of the chemical com­
position of particle-size fractions of soils. Numerous de­
terminations of the solubility of soil particles in concen­
trated acids as well as analyses of the total elementary com­
position of soil particles were performed by German, French, 
English, and American scientists prior to I9OO, This exten­
sive literature was reviewed and summarized by Failyer, Smith, 
and Wade (I9O8), These basic concepts were formulated from 
this work: 
1, The coarse and fine fractions separated from a soil 
have different chemical and mineralogical compositions. 
The fine particle-size fractions of soils usually con­
tain higher amounts of plant nutrient elements (K, 
Ca, Mg, P) than the coarse particle-size fractions. 
The pereentages of iron and aluminum Increase and the 
percentage of silicon decreases with decrease in 
particle size. 
2« The concentration of plant nutrient elements In the 
fine particle-size fractions increases as the soils 
become more weathered. The coarse particles separated 
from unweathered soils will have higher contents of 
potassium, calcium,and magnesium than similar 
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particles separated from weathered soils. 
3t Equivalent partlcle-slze fractions separated from 
soils of similar type will have similar chemical 
compositions. Fractions of the same size separated 
from soils of widely divergent types will usually 
have markedly different chemical compositions. 
As this early work clearly showed that the fine particle-
size fractions of soils were much more Important, from a soil 
fertility standpoint, than the coarse particle-size fractions, 
emphasis was placed on characterization of just the fine or 
colloidal material of soils. 
Studies by Robinson and Holmes (1924), Anderson and Matt-
son (1926), Denison (I93O), Holmes and Edglngton (I93O), 
Anderson and 5yers (I93I), Brown and Byers (1932), Marshall 
(1935)1 and Byers, Alexander, and Holmes (1935) were confined 
to characterization of soil material of fine particle-size 
(soil colloidal material). 
These studies established that: 
1. A complete separation of all colloidal material from 
soils could not be achieved with the large-scale 
separation procedures used. In certain cases the 
"easily" extractable colloid was identical to the 
"difficultly" extractable colloid and in other cases 
it was not, 
2. The striking correlation between variations in physi­
cal properties of soil colloids (specific gravity. 
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heat of wetting, adsorption capacity, swelling, vis­
cosity, and electrical charge) suggested that these 
properties were all dependent on more fundamental 
properties, such as chemical composition and struc­
ture of the colloids. 
3. Different groups of soils, such as prairie soils, 
podzol soils, or laterlte soils, had colloidal ma­
terial of different chemical composition. The type 
of colloidal material in a soil was dependent, to a 
large extent, on soil forming processes. Certain 
types of soils, such as podzol soils, were found to 
have different types of colloidal material in each 
horizon. 
4. The chemical composition of various types of soil 
colloids, as reflected in the silica-sesquioxide 
ratio, the silica/alumina ratio, and the silica/base 
ratio, closely resembled the chemical couiposltlon of 
different types of clay minerals found in natural 
deposits. The existence of five fundamental colloid 
types was postulated. 
Interest in the study of soil particle-size fractions 
clearly declined at this time. The following considerations 
may be reasons for this decline 1 
1. The established objectives of these early studies were 
to characterize the mineral material present in soils s 
After acquiring sufficient knowledge on the types 
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of minerals present In soils, it was undoubtedly 
felt that the most Information could be obtained by 
studying pure specimens of these minerals. The in­
vestigation of naturally occurring soil colloidal 
material was largely surpassed by more basic studies 
on clay minerals mined from natural deposits. 
2. The types of studies that could be undertaken was 
limited by lack of procedures for completely separat­
ing soil particle-size fractions without altering 
the characteristics of the fractions. The failure 
to completely separate all of the soil colloidal 
material from the coarser fractions left the studies 
open to the criticism that the material studied did 
not actually represent soil colloidal material. 
Recent interest in studies on soil particle-size frac­
tions can be attributed to* 
1, Development or soil dispersion techniques that allow 
complete separation of soil particle=slze fractions 
with little. If any, alteration of soil constituents. 
2. Recognized need for data on naturally occurring clay-
organic matter complexes. 
3» Desire for a new approach to the problem of charac­
terizing soil organic matter. 
The objective of the work reported in this section was to 
characterize soil particle-size fractions by chemical analyses 
for the major plant nutrient elements, especially those that 
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are constituents of soli organic matter. 
Methods 
Total carbon was determined by the method of Tabatabal and 
Bremner (1970a), Inorganic carbon was determined by the method 
of Anderson and Harris (I967), and organic carbon was deter­
mined as the difference between total carbon and Inorganic 
carbon. Total nitrogen was determined by the method of 
Bremner (I96O) and total sulfur by the method of Tabatabal and 
Bremner (1970b). Total phosphorus was determined by the method 
of Tandon, Cescas, and Tyner (I968) and organic phosphorus 
by the method of Legg and Black (1955)• Inorganic phosphorus 
was determined as the difference between total phosphorus and 
Inorganic phosphorus. Total contents of aluminum, Iron, cal­
cium, magnesium, potassium, and sodium were determined after 
digestion of the soils and soil fractions with HP-HCIO^ as de­
scribed by Jackson (1956). These elements were determined with 
a Perkin-Elmer Model 3O3 atomic absorption spectrophotometer 
according to the standard operating conditions specified in 
Analytical Methods in Atomic Absorption Spectrophotometry 
(Perkln-Elmer Corporation, I968), Fixed ammonium N was de­
termined by the method of Sllva and Bremner (1966). 
The validity of the methods used for determining the vari­
ous soil constituents may be evaluated by calculating the per­
centage recovery, in the particle-size fractions, of the con­
stituents initially present in the unfractionated soils. In 
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this study, the percentages of the initial soil constituents 
recovered in the particle-size fractions, on average, are: 
carbon, 97*6#: nitrogen, 96.0^; sulfur, 96.0#; total phos­
phorus, 99.3#; organic phosphorus, 100.]#; inorganic phos­
phorus, 98.5#! aluminum, 99*3#; iron, 98.8#; calcium, 96.?#; 
magnesium, 97,1#; potassium, 99*5#; sodium, 102.3#; fixed 
ammonium N, 101,4#. No other workers have reported percentage 
recovery values for their studies, but most workers have in­
cluded sufficient data in their publications so that recovery 
calculations can be made. These calculations have shown that 
some workers have recovered, in the fractions, satisfactory 
percentages of the constituents initially present in the soil, 
and that other workers have recovered, in the fractions, as 
little as 60#, or as much as I50#, of the constituents initial­
ly present in the soil. 
Results and Discussion 
Carbon, nitrogen, and sulfur in fractions 
A general description of the soils used for this particu= 
lar study has been given previously with the basic properties 
of the 13 soils used presented in Table 12. The procedure for 
the large-scale separation of fractions has also been de­
scribed and the distribution of the soil fractions obtained 
with this procedure has been presented in Tables 13 and 14. 
The ranges in organic carbon, total nitrogen, and total sulfur 
contents of the unfractionated soils are, 1.3-9*0#, O.I3-O.85#, 
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and 0.01-0,15#, respectively (Table 1?), 
The contents of organic carbon, total nitrogen, and total 
sulfur In the Individual soils and their particle-size frac­
tions are presented graphically in Figures 3i and 5» (All 
individual soil data for this section and for other 
sections of this thesis can be found in the Appendix), The 
average contents of organic carbon, total nitrogen, and total 
sulfur in the soils and soil fractions are presented in Tables 
18 and 19» 
These data show that the clay fractions of all the soils 
have higher contents of organic carbon, total nitrogen, and 
total sulfur than do the unfractlonated soils or the sand and 
silt fractions. On average, the contents of organic carbon, 
total nitrogen, and total sulfur decrease in this order: 
clay fraction > soil (unfractlonated) > silt fraction > sand 
fraction. The average contents of organic carbon, total 
nitrogen, and total sulfur in the clay fraction are approxi­
mately two times the average contents in the soil, three to 
four times the avGr&ge contents in the silt fraction and four 
to six times the average contents in the sand fraction. 
Three of the soils studied (Okobojl, Marcus, and Superior 
virgin soils) had much higher contents of organic carbon, total 
nitrogen, and total sulfur In their sand fractions than did 
the other soils. Characteristics of these soils which probably 
explain this finding are their small amounts of sand-sized 
material (2-10#) and high amounts of organic matter (7-16#) 
Table 1?. Organic carbon, total nitrogen and total sulfur contents of soils 
No 
Soil 
. Series® 
Organic 
carbon 
content 
% 
Total 
nitrogen 
content 
% 
Total 
sulfur 
content 
% 
Organic C 
Total N 
Total N 
Total S 
1 Lindley 1.32 0.125 0.0135 10.6 9.3 
2 Clyde 4.22 0.386 0.0469 10.9 8.2 
3 Harpster 4.19 0.351 0.0507 11.9 6.9 
4- Glencoe 6.22 0.555 0.0639 11.2 8.7 
5 Okoboji 9.02 0.846 0.148 10.7 5.7 
6 Marcus 3.80 0.337 0.0459 11.3 7.3 
7 Nicollet 1.42 0.135 0.0194 10.5 7.0 
8 Superior V 4.45 0.423 0.0583 10.5 7.3 
9 Superior C 1.98 0.202 0.0275 9.8 7.3 
10 Nicollet V 5.67 0.486 0.0601 11.7 8.1 
11 Nicollet C 3.26 0.278 0.0349 11.7 8.0 
12 Webster V 5.95 0.539 0.0867 11.0 6.2 
13 Webster C 3.87 0.313 0.0432 12.4 7.2 
and C Indicate a virgin soil (V) and cultivated counterpart (C). 
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Table 18. Average organic carbon, total nitrogen,and total 
sulfur contents of soils and soil fractions®-
Average contents {%) 
Soil or 
fraction 
Organic 
carbon 
Total 
nitrogen 
Total 
sulfur 
Soil (unfractionated) 4.26 0.383 0.0538 
Sand fraction (2000-50 ]X )  2.30 0.125 0.0172 
Silt fraction (50-2 } i )  2.62 0.197 0.0289 
Clay fraction « 2 )x )  7.71 0.763 0.104 
®Average results for the 13 soils described in Table 12. 
Table I9. Average organic carbon, total nitrogen, and total 
sulfur contents of soil clay fractions® 
Average contents i%) 
Clay fraction 
Organic 
carbon 
Total 
nitrogen 
Total 
sulfur 
Coarse (2-0.5 10.9 0.896 0.0972 
Medium (0.5-0,1 p. )  8.29 0.814 0.0982 
Pine « 0.1 p. )  5.61 0.686 0.0871 
ar indley, Clyde, Harpstsr, and Glenccs soils. 
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(Table 12)• In a similar manner, two soils (Lindley and 
Nicollet, soils 1 and 7) that have large amounts of sand-
sized material and low amounts of organic matter, have sand 
fractions with very low contents of organic carbon, total 
nitrogen, and total sulfur. 
The coarse, medium, and fine clay-sized fractions isolated 
from the Lindley, Clyde, Harpster, and Glencoe soils consis­
tently decreased in organic carbon content as particle-size 
of the fractions decreased (Figure 3)« The average content 
of organic carbon in the fine clay fraction (5*6^ C) was about 
one-half the average content in the coarse clay fraction 
(10.9^C). The total nitrogen and total sulfur contents of 
the clay-sized fractions decreased with decrease in particle-
size for two soils (Harpster and Glencoe) and increased with 
decrease in particle-size for the other soils (Lindley and 
Clyde) (Figures 4 and 5)* The average contents of total 
nitrogen and total sulfur for the clay-sized fractions of 
these soils are not very meaningful as the values represent the 
average of two opposite distribution patterns. 
A general trend for fine soil particle-size fractions 
« 10 ji) to have a greater organic carbon content than coarse 
particle-size fractions (> 10 jx) has been noted by Ogg and 
Hendrlck (1920), Lichmanova (1962); Alexandrova, Yuriova, and 
Lobltskaya (1964), Grati, Sinkevich, and Kleshch (196$), 
Aslanov (I966), Kizlakov (I966), Trofimenko and Kizyakov 
(1967), Pokotilo (1967a), Kuz'min (I969), Kyuma, Hussain, and 
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Kawaguchi (I969)» Chichester (I969, 1970), and McKeague 
(I97I). 
The total nitrogen contents of soil particle-size frac­
tions have been observed to decrease in the order: clay-
fraction > silt fraction > sand fraction by Aslanov (I966), 
Kyuma, Hussain, and Kawaguchi (1969)1 Chichester (I969, 1970), 
and McKeague (1971)• 
The specific values for organic carbon and total nitrogen 
contents of soil fractions found in this study are consistent 
with those reported earlier. No previous data are known to 
exist for total sulfur contents of soil particle-size fractions. 
The organic carbon contents of clay-sized fractions have 
been found to decrease with decrease in particle-size by 
Arshad and Lowe (I966), Dudas and Pawluk (I969/I97O), and 
Chichester (1970), but Alexandrova, Yurlova, and Lobitskaya 
(1964), Chichester (I969), and McKeague (I971) have observed 
an increase in organic carbon content with decrease in 
particle-size. 
The total nitrogen contents of clay-sized fractions have 
been found to decrease with decrease in particle-size by 
Arshad and Lowe (I966), but Chichester (I969, 1970) has ob­
served an increase in total nitrogen content with decrease in 
particle-size. 
The average percentage distribution of organic carbon, 
total nitrogen, and total sulfur among particle-size fractions 
of soils is presented in Tables 20 and 21. On average, 66^ of 
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Table 20. Average percentage distribution of organic carbon, 
total nitrogen#and total sulfur among soil particle-
size fractions* 
Average percentage distribution^ 
Soil Organic Total Total 
fraction carbon nitrogen sulfur 
Sand 5 3 3 
Silt 29 24. 24 
Clay 66 73 73 
^Average results for the 13 soils described in Table 12, 
^The weight of organic carbon, total nitrogen,or total 
sulfur present In each fraction expressed as a percentage of 
the total weight of organic carbon, total nitrogen, or total 
sulfur recovered in all fractions. 
Table 21. Average percentage distribution of organic carbon, 
total nitrogen, and total sulfur among soil clay 
fractions* 
Avcx-ap;e peroenbaKe distribution^ 
Clay Organs.c Total Total 
fraction carbon nitrogen sulfur 
Coarse 4? 40 37 
Medium 29 29 30 
Pine 24 31 33 
^Lindley, Clyde, Harpster, and Glencoe soils. 
^The weight of organic carbon, total nitrogen, or total 
sulfur present in each fraction expressed as a percentage of 
the total weight of organic carbon, total nitrogen, or total 
sulfur recovered in all fractions. 
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the organic carbon and 73^ of the total nitrogen and total 
sulfur found in the fractions are recovered in the clay frac­
tion. Individual soil values for recoveries in the clay 
fraction range from 45 to 75^ for organic carbon, 52 to 81^ 
for total nitrogen, and 48 to 82^ for total sulfur. On aver­
age, the silt fraction contained 29^ of the organic carbon 
and 24^ of the total nitrogen and total sulfur, and the sand 
fraction contained S% of the organic carbon and 3% of the 
total nitrogen and total sulfur (Table 20). 
The average percentage distribution of organic carbon, 
total nitrogen, and total sulfur (among the fractions) found 
in this study are markedly different from those found by other 
workers. For example, McKeague (1971) recovered, on average, 
38^ of the organic carbon in the clay fraction, 41^ in the 
silt fraction, and 18^ in the sand fraction. It has been 
shown in Part I of this thesis that large-scale separation 
procedures that do not quantitatively separate the entire clay 
fraction recover up to 25^ less carbon, nitrogen, sulfur, etc. 
in ths clay fraction than do large-scale separation procedures 
that quantitatively separate clay-sized material. To date, all 
other workers have failed to demonstrate quantitative separa­
tion of clay-sized material in the clay fraction and most 
workers present data which show that considerable clay-sized 
material is recovered in the sand and silt fractions. Previous 
workers have obtained markedly lower recoveries of soil con­
stituents (e.g., carbon, nitrogen, sulfur, etc.) in the clay 
115 
fraction than those obtained in the present study because 
they failed to properly separate the fractions. 
The average percentage distribution of organic carbon, 
total nitrogen, and total sulfur among clay-sized fractions of 
soils shows that the coarse clay fraction contains a slightly 
higher percentage of the organic carbon, total nitrogen, and 
total sulfur than the medium or fine clay fractions, which con­
tain approximately equal amounts. 
The average organic carbon, total nitrogen, and total 
sulfur contents of three virgin soils and their cultivated 
counterparts and of the sand, silt, and clay fractions of 
these soils are presented in Table 22, The averaged results 
show a decrease in the contents of organic carbon, total nitro­
gen, and total sulfur in the soils and soil fractions upon 
cultivation. The percentage decrease was greatest in the 
sand fraction, where only 20% of the organic carbon, 2k% of 
the total nitrogen, and 16^ of the total sulfur originally 
present in the sand fractions of the virgin soils was found 
in the sand fractions of the cultivated soils. 
In contrast, the contents of organic carbon, total nitro­
gen, and total sulfur in the clay fractions of the cultivated 
soils are 6?%, 63^, and 57^ of the respective contents in the 
clay fractions of the virgin soils (Table 23). 
The average percentage distribution of organic carbon, 
total nitrogen, and total sulfur among particle-size fractions 
of virgin soils and cultivated counterparts are presented in 
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Table 22. Average organic carbon, total nitrogen, and total 
sulfur contents of three virgin soils and cultivated 
counterparts and of the sand, silt, and clay frac­
tions of these soils® 
Soils Soil 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
-—Average organic carbon contents {%) 
Virgin 5.36 3.65 3.13 8.94 
Cultivated 3.04 0.71 1.58 6.01 
—Average total nitrogen contents {%) 
Virgin 0.483 0.156 0.224 0.902 
Cultivated 0.264 0.0366 0.112 0.565 
sulfur contents {%) 
Virgin 0.0684 0.0172 0.0314 0.127 
Cultivated 0.0352 0.0027 0.0134 0.0729 
^Average results for Superior. Nicollet.- and Webster 
virgin and cultivated soils (soils 8-I3 in Table 12). 
Table 24. The percentages of organic carbon, total nitrogen, 
and total sulfur recovered in the sand and silt fractions of 
the virgin soils are greater than the corresponding percentages 
for the sand and silt fractions of the cultivated soils. The 
clay fractions of the cultivated soils contain greater percent­
ages of the organic carbon, total nitrogen, and total sulfur 
than do the clay fractions of virgin soils. 
Calculations from the particle-size distribution data for 
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Table 23. Average percentage decrease in the organic carbon, 
total nitrogen, and total sulfur contents of soils 
and soil fractions upon cultivation® 
Content in cultivated soil or 
fraction as a # of the content 
in virgin soil or fraction 
Soil or Organic Total Total 
fraction carbon nitrogen sulfur 
Soil (unfractionated) 57 55 52 
Sand fraction (2000-50 p) 20 24 16 
Silt fraction (50-2 }i) 51 50 43 
Clay fraction (< 2 ji) 67 63 57 
^Average results for Superior, Nicollet, and Webster 
virgin and cultivated soils (soils 8-I3 in Table 12). 
the virgin soils and their cultivated counterparts and from 
the organic carbon, total nitrogen, and total sulfur analyses 
of these soils and their fractions show that 42 to 6yi> of the 
organic carbon, 62 to 71^ of the total nitrogen, and 60 to 
73^ of the total sulfur lost through cultivation of the virgin 
soils could be accounted for as losses from the clay fractions 
of these soils (Table 25). 
The average organic carbon/total nitrogen and total 
nitrogen/total sulfur ratios of soils and soil fractions are 
presented in Tables 26 and 27» The average C/N and N/S ratios 
decrease in the order: sand fraction > silt fraction > clay 
fraction for the soil particle-size fractions and also decrease 
for the clay fraction in the order: coarse clay > medium 
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Table 24, Average percentage distribution of organic carbon, 
total nitrogen,and total sulfur among particle-
size fractions of virgin soils and cultivated 
counterparts® 
Average percentagè distribution^ 
Sand Silt Clay 
Soils fraction fraction fraction 
Virgin 
Cultivated 
Virgin 
Cultivated 
7 
4 
3 
2 
•Organic carbon-
30 
27 
•Total nltrogen-
24 
22 
63 
69 
73 
76 
Virgin 
Cultivated 
3 
1 
•Total sulfur-
24 
21 
73 
78 
® Ave rage results for Superior, Nicollet, and Webster 
virgin and cultivated soils (soils 8-13 In T&ble 12). 
^The weight of organic carbon, total nitrogen,or total 
sulfur present in each fraction expressed as a percentage of 
the total weight of organic carbon, total nitrogen or total 
sulfur recovered in all fractions. 
clay > fine clay. The finding that the ratios decrease with 
decrease in particle-size supports the belief that the organic 
matter associated with soil particle-size fractions becomes 
more humified as the size of the particles decreases. 
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Table 25» Percentage contribution of sand, silt, and clay 
fractions to soil constituents lost upon cultiva­
tion 
Percentage contribution 
to loss upon cultivation 
Sand Silt Clay 
Soil constituent Soil fraction fraction fraction 
Organic carbon Webster 12 30 58 
Nicollet 9 28 63 
Superior 15 43 42 
Total nitrogen Webster 6 25 69 
Nicollet 5 24 71 
Superior 6 32 62 
Total sulfur Webster 4 24 72 
Nicollet 6 26 68 
Superior 6 34 61 
®The weight of organic carbon, total nitrogen, or total 
sulfur lost from each fraction upon cultivation expressed 
as a percentage of the total weight of organic carbon, total 
nitrogen, or total sulfur lost from all fraetloris upon culti­
vation. 
Phosphorus in fractions 
A general description of the soils used is presented in 
Table 12= The soils range in total phosphorus content from 
0.0319 to 0,100#, in organic phosphorus content from O.OI69 
to 0,0611#, and in inorganic phosphorus content from 0,0150 
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Table 26. Average organic carbon/total nitrogen and total 
nitrogen/total sulfur ratios of soils and soil 
fractions® 
Soil or 
fraction 
Average organic 
carbon/total 
nitrogen ratios 
Average total 
nitrogen/total 
sulfur ratios 
Soil (unfractlonated) 11.1 7.5 
Sand fraction (2000-50 p) 21.7 10.4 
Silt fraction (50-2 ]i) 13.9 7.6 
Clay fraction « 2 p) 10.1 7.5 
^Average results for the 13 soils decribed In Table 12. 
Table 27. Average organic carbon/total nitrogen and total 
nitrogen/total sulfur ratios of soil clay fractions* 
Clay fraction 
Average organic 
carbon/total 
nitrogen ratio 
Average total 
nitrogen/total 
sulfur ratio 
Coarse (2-0.5 p) 12.1 9.4 
Medium (0,5-0,1 p) 10.1 8.4 
Pine « 0.1 p) 8.2 7.9 
fîl vflfi. TTamater. Oleriftoe soils-
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to 0,0648# (Table 28). Calculations show that 26 to 61# of 
the total phosphorus in these soils is present as organic 
phosphorus. 
The contents of total, organic, and inorganic phosphorus 
in the individual soils and their particle-size fractions are 
presented graphically in Figures 6, 7, and 8, The average 
contents of total, organic, and inorganic phosphorus in the 
soils and soil fractions are presented in Tables 29 and 30, 
These data show that the contents of total phosphorus, 
organic phosphorus, and inorganic phosphorus decreased In the 
order: clay fraction^ soil (unfractionated) silt fraction]^ 
sand fraction for all soils. Calculations show that, on 
average, the content of total phosphorus in the clay fraction 
was 9 times the content of total phosphorus In the sand frac­
tion and 2 times the content of total phosphorus in the un-
fractionated soil. The content of organic phosphorus in the 
clay fraction was kj times the content of organic phosphorus 
in the sand fraction and 3 times the content of organic phos­
phorus in the unfractionated soil. The content of inorganic 
phosphorus in the clay fraction was 5 times the content of 
inorganic phosphorus in the sand fraction and 2 times the 
content of inorganic phosphorus in the unfractionated soil. 
Additional calculations show that, on average, 10% of 
the total phosphorus in the sand fraction is in organic 
form, 21# of the total phosphorus In the silt fraction is 
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Table 28, Total, organic, and inorganic phosphorus contents 
of soils 
Total Organic Inorganic 
phosphorus phosphorus phosphorus 
content content* content° 
No. Series® % $ 2 
1 Lindley 0.0319 O.OI69 (53) 0.0150 (47) 
2 Clyde 0.100 0.0611 (61) 0.0389 (39) 
3 Harpster 0,0766 0.0252 (33) 0,0514 (67) 
4 Glencoe 0.0985 0.0337 (34) 0.0648 (66) 
5 Okoboji 0.0674 0.0216 (32) 0.0458 (68) 
6 Marcus 0,0684 0.0322 (47) 0.0362 (53) 
7 Nicollet 0.0403 0.0168 (42) 0.0235 (58) 
8 Superior V 0.0777 0,0254 (33) 0,0523 (67) 
9 Superior C 0.0529 0,0148 (28) 0,0381 (72) 
10 Nicollet V 0.0577 0,0162 (28) 0,0415 (72) 
11 Nicollet C 0.0539 0.0141 (26) 0,0398 (74) 
±2 WsDster Y 0,0659 0.0310 (47) n m<i.o fCQt W • T / \ f 
13 Webster 0.0560 0.0228 (41) 0.0332 (59) 
^Figure in parentheses indicates organic phosphorus cal­
culated as a percentage of total phosphorus in soil, 
figure in parentheses indicates inorganic phosphorus 
calculated as a percentage of total phosphorus in soil, 
°V and C indicate a virgin soil (V) and cultivated coun­
terpart (C), 
Figure 6. Total phosphorus contents of soils and soil fractions 
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Table 29« Average total, organic,and inorganic phosphorus 
contents of soils and soil fractions* 
Average contents (%) 
Soil or 
fraction 
Total 
phosphorus 
Organic 
phosphorus" 
Inorganic 
phosphorus® 
Soil 
(Unfractionated) 
0.0652 0.0255 (39) 0.0397 (61) 
Sand fraction 
(2000-50 fi) 
0.0160 0.0017 (11) 0.0143 (89) 
Silt fraction 
(50-2 
0.0332 0.0069 (21) 0.0263 (79) 
Clay fraction 
« 2 p) 
0.140 0.0692 (49) 0.0705 (51) 
^Average results for the I3 soils described in Table 12. 
figure in parentheses indicates organic phosphorus cal­
culated as a percentage of total phosphorus in soil or soil 
fraction, 
^Figure in parentheses indicates inorganic phosphorus 
calculated as a percentage of total phosphorus in soil or 
soil fraction. 
in organic form, and 49# of the total phosphorus in the clay 
fraction is in organic form. 
The ranges in total phosphorus contents for the sand, 
silt, and clay fractions are, respectively, 0.0058=0.0225^; 
0,0161-0,0532^, and 0,0937-0,232#, The ranges in organic 
phosphorus contents are 0,0001-0,0079# (sand fraction), 
0,0009-0.0287# (silt fraction), and 0,03^ 8-0,167# (clay 
fraction). Corresponding ranges for the inorganic phosphorus 
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Table 30, Average total, organic, and Inorganic phosphorus 
contents of soil clay fractions^ 
Average contents (%) 
Total Organic , Inorganic 
Clay fraction phosphorus phosphorus phosphorus 
Coarse (2-0.5 0,151 0.0897 (59) 0.0609 (41) 
Medium (0.5-0.1 p) 0.199 O.131 (66) 0.0679 (34) 
Fine «0.1 p) 0.14? 0.0784 (53) 0.0684 (4?) 
&Llndley, Clyde, Harpster, and Glencoe soils. 
figure in parentheses indicates organic phosphorus cal­
culated as a percentage of total phosphorus in soil clay 
fractions. 
^Figure in parentheses indicates inorganic phosphorus 
calculated as a percentage of total phosphorus in soil clay 
fractions. 
contents are 0.0058-0.0249# (sand fraction), 0.0141-0,0407# 
(silt fraction); and 0,0415-0,09723 (clay fraction). 
In addition, the data on Figures 6, 7, and 8 and Table 30 
show that: 
1. The contents of organic and total phosphorus are 
highest in the medium clay fractions of all soils. 
The coarse and fine clay fractions contain smaller 
amounts of organic and total phosphorus. 
2. The inorganic phosphorus contents of the clay frac­
tions do not vary in a consistent manner with size 
of clay fraction for all the soils studied. 
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A general trend for the total phosphorus content to 
Increase with decrease In particle-size has been noted by 
Pailyer, Smith, and Wade (I9O8), Hendrick and Ogg (I9I6), 
Brown and Byers (1932)1 Williams and Saunders (1956)1 Nye 
and Bertheax (1957)1 Goel and Agarwal (i960), Lichmanova 
(1962), Aslanov (I966), Pokotilo (1967a), Syers, Shah, and 
Walker (I969), and Hanley and Murphy (1970). Increases in 
the contents of organic and inorganic phosphorus with decrease 
in particle-size have been observed by Williams and Saunders 
(1956), Goel and Agarwal (I96O), Syers, Shah, and Walker 
(1969), and Hanley and Murphy (1970). The specific values 
obtained in this study for the total, organic, and inorganic 
phosphorus contents of the soil fractions show general 
agreement with those published earlier, although the values 
for the silt fraction, and to a lesser extent the sand 
fraction, are lower in this study than in previous studies. 
The average percentage distributions of total, organic, 
and inorganic phosphorus among the sand, silt, and clay frac­
tions are presented in Table 31. The data show that, on 
average, 72^ of the total phosphorus, 86jS of the organic phos­
phorus, and 61^ of the inorganic phosphorus was recovered in 
the clay fractions. On average, the sand fraction contained 
1% of the soil organic phosphorus and S% of the soil inorganic 
phosphorus. The average percentage distributions of total, 
organic, and inorganic phosphorus among the clay fractions are 
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Table 31, Average percentage distribution of total, organic, 
and Inorganic phosphorus among soil partlcle-slze 
fractions* 
Average percentage distribution^ 
Soil Total Organic Inorganic 
fractions phosphorus phosphorus phosphorus 
Sand 4 1 7 
Silt 24 12 33 
Clay 72 87 60 
^Average results for the 13 soils described in Table 12. 
^The weight of total, organic, or inorganic phosphorus 
present in each fraction expressed as a percentage of the total 
weight of total, organic,or inorganic phosphorus recovered In 
all fractions, 
presented in Table 32, All forms of phosphorus are nearly 
equally distributed among the fractions, 
AluaiiVum, iron» calcium, maKneslirn, potassium, and sodium in 
fractions 
The particle-size fractions separated from the first four 
soils described on Table 12 were analyzed for total contents 
of aluminum, iron, calcium, magnesium, potassium, and sodium. 
The contents of these elements in the unfractionated soils 
are given in Table 33* The range in values for each element 
is: aluminum, 3,8-6.4#; iron, 1,2-2,5#; calcium, 0,4-3,3#; 
magnesium, 0,2-0,?#; potassium, 1.3-1.6#; sodium, 0,6-0,9#. 
Most of the aluminum, iron, magnesium, potassium, and sodium 
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Table 32. Average percentage distribution of total, organic, 
and inorganic phosphorus among soil clay fractions* 
Average percentage distribution^ 
Clay Total Organic Inorganic 
fraction phosphorus phosphorus phosphorus 
Coarse 33 33 34 
Medium 34 38 27 
Pine 33 29 39 
*Lindley, Clyde, Harpster, and Glsncoe soils, 
^The weight of total phosphorus, organic phosphorus, or 
inorganic phosphorus present in each fraction expressed as a 
percentage of the total weight of total phosphorus, organic 
phosphorus, or inorganic phosphorus recovered in all fractions. 
in these soils is in the form of silicate minerals. However, 
calcium, In addition to being a constituent of silicate min­
erals, will often be found In significant quantities in soils 
as an exchangeable Ion or as calcium carbonate. 
The total contents of aluminum, Iron, calcium, magnesium, 
potassium, and sodium in these soils and their particle-size 
fractions are presented graphically in Figures 9-14 and aver­
age values for these soils and soil fractions are presented in 
Tables 34 and 35» 
The findings can be summarized as: 
1» The total contents of aluminum, iron, and magnesium 
are much greater in the clay fraction than In the 
Table 33» Total aluminum,, iron, calcium, magnesium, potassium, and sodium 
contents of soils 
NOe 
Soil 
Series 
Total 
aluminum 
content 
% 
Total 
iron 
content 
% 
Total 
calcium 
content 
% 
Total 
magnesium 
content 
% 
Total 
potassium 
content 
% 
Total 
sodium 
conten 
% 
1 Lindley 3.80 1,18 0.413 0.194 1.30 0.626 
2 Clyde 5oOO 2.05 0.626 0.358 1.36 0.715 
3 Harpster 4.78 1.54 3.27 0.429 1.31 0.883 
4 Glencoe 6.39 2.51 1.34 0.666 1.55 0.685 
Figure 9„ Total aluminum contents of soils and soil fractions 
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Figure 12. Total magnesium contents of soils and soil fractions 
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Table 34. Average total content» of aluminum, Iron, calcium, magnesium, 
potassium, and sodium in soils and soil fractions* 
Average total contents (#) 
Soil or 
fraction 
Total 
aluminum 
Total 
l:con 
Total 
calcium 
Total 
magnesium 
Total 
potassium 
Total 
sodium 
Soil 
(unfractlonated) 
4.99 1.82 1.41 0.412 1.38 0.727 
Sand fraction 
(2000-50 ji) 
2.82 o„ 660 0.655 0.0936 1.11 1.05 
Silt fraction 
(50-2 p) 
3.75 0,774 1.28 0.217 1.53 1.07 
Clay fraction 
« 2 }i) 
8.72 26 1.99 0.878 1.34 0.124 
^Llndley, Clyde, Harpster, and Glencoe soils. 
Table 35. Average total contents of aluminum, iron, calcium, magnesium, potas­
sium, and sodium in soil clay fractions* 
Average contents 
Total Total Total Total Total Total 
Clay fraction aluminum iron calcium magnesium potassium sodium 
Coarse 7.04 2.97 1.55 O.655 1,70 0.272 
(2-0.5 ja) 
Medium 9.59 4.53 1.41 0.976 1.37 0.0708 
(0.5—0.1 jj.) 
Fine 9.98 5.52 1.39 1.04 0.951 0.0222 
« 0.1 p) 
^Llndley, Clyde, Harpster, and Glencoe soils. 
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silt or sand fractions. The silt fraction usually 
has slightly higher contents of these elements than 
the sand fraction. Higher contents of aluminum, 
iron, or magnesium in fine soil fractions than in 
coarse soil fractions have also been noted by Failyer, 
Smith, and Wade (I9O8), Hendrick and Ogg (I916), Brown 
and Byers (1932), Joffe and Kunln (1942), Lichmanova 
(1962), Kirkman, Mitchell, and Mackenzie (I965-66), 
Pokotllo (1967a), Kuz'mln (I968), and Kaila and Rytl 
(1968). Higher contents of these elements in the fine 
fractions are expected as these elements are important 
constituents of the minerals found in fine particle-
size fractions of soils. 
2. On average, the total calcium contents decrease in 
order of1 clay fraction > silt fraction > sand frac­
tion. Hendrick and Ogg (I916), Joffe and Kunln (1942), 
and Kaila and Byti (I968) found higher contents of 
total calcium in the coarse fractions of soils, while 
Failyer, smith, and Wade (1908), Brown and ^ers 
(1932), and Pokotllo (1967a) found higher contents 
of total calcium in the fine fractions. 
3. There is no uniform trend, among all soils, for the 
potassium contents of the fractions. On average, the 
potassium contents decrease in order of: silt 
fraction > clay fraction > sand fraction. Higher 
contents of potassium in the silt fraction than in 
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the clay fraction have been reported by Hendrlck and 
Ogg (I916) and Prasad, Slnha, and Mandai (I967). 
Numerous other workers Including,Pallyer, Smith, and 
Wade (1908), Brown and Byers (1932)< Llchmanova 
(1962), MacLean and Brydon (I963), Kanwar and Grewal 
(1966), Pokotllo (1967a), and Kalla and Rytl (I968), 
have found the highest potassium content In the clay 
fraction, 
4, The total sodium contents of the sand and silt frac­
tions are much greater than the sodium contents of the 
clay fractions. The total sodium content has been 
found to be highest In the coarse soil fractions by 
Hendrlck and Ogg (I9I6), Brown and Byers (1932), and 
Llchmanova (I962), but was found to be highest In the 
fine soil fractions by Pokotllo (1967a). 
The average contents of aluminum, iron, and magnesium in 
the soil clay fractions decrease in the order: fine clay > 
medium clay > coarse clay, but the average contents in the 
fine and medium clay fractions are not very different. The 
average calcium contents of the clay fractions are similar. 
It was found that the content of total calcium decreased with 
decreasing particle-size for two soils (Harpster and Glencoe 
soils) and increased with decreasing particle-size for the 
other soils (Llndley and Clyde soils). The total contents of 
potassium and sodium in the clay fractions decreased in the 
order: coarse clay > medium clay > fine clay for all soils. 
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The average percentage distributions of the elements among 
the soil and clay fractions are presented in Tables 36 and 37» 
The percentage distributions of aluminum, iron, and magnesium 
among the fractions decrease in the order: clay fraction > 
silt fraction > sand fraction for each of the soils. On 
average, the clay fraction contained 71^ of the total iron, 
69^ of the total magnesium, and ^7$ of the total aluminum. On 
average, the distributions of calcium, potassium, and sodium 
among the fractions decreased in the order: clay fraction> 
silt fraction > sand fraction for total calcium; silt frac­
tion > clay fraction > sand fraction for total potassium; 
silt fraction > sand fraction > clay fraction for total sodium. 
On average, the percentage distribution of aluminum, iron, 
and magnesium among the clay fractions decreased in the order: 
fine clay > medium clay > coarse clay. The average percentage 
distribution of potassium and sodium among the fractions de­
creased in the order: coarse clay > medium clay > fine clay. 
Fixed ammonium N ^  fractions 
A general description of the soils used for this particu­
lar study has been given previously with the basic properties 
of the 13 soils presented in Table 12. The fixed ammonium N 
contents of the unfractionated soils range from 6l to 236 ppm 
and represent 2.0 to 6.7# of the total N in these soils 
(Table 38), 
The contents of fixed ammonium N in the individual soils 
Table 36. Average percentage distribution of aluminum, iron, calcium, magnesium, 
potassium, and sodium among soil particle-size fractions* 
Average percentage distribution^ 
Soil Total Total Total Total Total Total 
fraction aluminum iron calcium magne slum potassium sodium 
Sand 13 8 13 6 20 29 
Silt 35 21 40 25 51 66 
Clay 52 71 47 69 29 5 
^Lindley, Clyde, Harpster, and Glencoe soils. 
^The weight of aluminum, iron, calcium, magnesium, potassium, or sodium 
present in eaoh fraction expressed as a percentage of the total weight of aluminum, 
iron, calcium, ma^jnesium, potassium, or sodium recovered in all fractions. 
Table 37, Average percentage distribution of aluminum, iron, calcium, magnesium, 
potassium, and sodium among clay fractions^ 
Average percentage distribution^ 
Clay Total Total Total Total Total Total 
fraction aluminum Iron calcium magnesium potassium sodium 
Coarse 29 25 37 27 46 78 
Medium 31 29 27 31 28 16 
Pine 40 46 36 42 26 6 
®-Lindley, Clyde, Harps ter, and Glencoe soils. 
^The weight of aluminum, iron, calcium, magnesium, potassium, or sodium 
present in each fraction expressed as a percentage of the total weight of aluminum, 
iron, calcium, magnesium, potassium, or sodium recovered in all fractions. 
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Table 38. Fixed ammonium N contents of soils 
No. 
Soil 
Series® 
Total N 
content 
(ppm) 
Fixed 
ammonium N 
content 
(ppm) 
Fixed 
ammonium N 
calculated 
as ^  of 
total N 
1 Lindley 1250 61 4.9 
2 Clyde 3860 143 3.7 
3 Harpster 3510 97 2.8 
4 Glencoe 5550 236 4.2 
5 Okoboji 8460 166 2.0 
6 Marcus 3370 208 6.2 
7 Nicollet 1350 91 6.7 
8 Superior V 4230 99 2.3 
9 Superior C 2020 106 5.2 
10 Nicollet V 4860 142 2.9 
11 Nicollet G 2780 165 5.9 
12 Webster V 5390 125 2.3 
13 Webster C 3130 168 5.4 
and C Indicate a virgin soil (V) and cultivated 
counterpart (C), 
I6l 
and their particle-size fractions are presented graphically 
in Figure I5 and the average contents in all the soils and 
soil fractions are presented in Tables 39 and 40, All soil 
fractions analyzed contained some fixed ammonium, but the 
fixed ammonium N contents increased in the order: sand 
fraction > silt fraction > clay fraction. The average fixed 
ammonium N content of the clay fraction is about two times 
that of the unfractionated soil and I6 times that of the sand 
fraction (Table 39). 
On average, the percentage of total N as fixed ammonium 
N in the fractions studied decreased in the order: silt 
fraction > sand fraction > clay fraction, but the range in 
this percentage was much greater for the sand fractions 
(0-39,2#) than for the silt (2,1-13,2#) or clay (I.9-5.9#) 
fractions. 
The fixed ammonium N contents of the coarse (average 
value, 2/4 ppm) and medium (average value, 289 ppm) clay frac­
tions are nearly equal and both of these fractions have much 
higher contsnts of fixed ammonlum N than thG fine (average 
value, 176 ppm) clay fraction (Table 40). 
The average fixed ammonium N contents of the virgin and 
cultivated soils and of the particle-size fractions of these 
soils are presented in Table 41, The average content of fixed 
ammonium N in the silt and clay fractions of the cultivated 
soils is greater than the average contents for these fractions 
isolated from the virgin soils. The fractions of the 
Figure 15, Fixed ammoniura N consents of soils and soil fractions 
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Table 39* Average fixed ammonium N contents of soils and soil 
fractions* 
Soil or 
fraction 
Total N 
content 
(ppm) 
Fixed 
aipionium N 
content 
(ppm) 
Fixed 
ammonium N 
calculated 
as % of 
total N 
Soil (unfractionated) 3830 139 4,2 
Sand fraction 
(2000-50 }i) 
1250 16 6,2 
Silt fraction 
(50-2 p) 
1970 105 7.2 
Clay fraction « 2 ]x) 7630 258 3.7 
^Average results for the 13 soils described in Table 12. 
Table 40, Average fixed ammonium N 
fractions* 
contents of soil clay 
Clay fraction 
Total N 
content 
(ppm) 
Fixed 
ammonium N 
content 
(ppm) 
Fixed 
amnion ium M 
calculated 
as % of 
total N 
Coarse (2-0,5 )i) 8960 2?4 3.2 
Medium (0.5-0.1 p) 8140 289 3.6 
Fine « Oil )i) 6860 176 2e7 
&Llndley, Clyde, Harpster, and Glencoe soils. 
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Table 41, Average fixed ammonium N contents of three virgin 
soils and cultivated counterparts and of the sand, 
silt, and clay fractions of these soils* 
Soils Soil 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Virgin 
Cultivated 
Average total N contents (ppm) 
4830 1560 2240 9020 
2640 366 1120 5650 
Virgin 
Cultivated 
-—Average fixed ammonium N contents (ppm)-
122 18 94 208 
146 16 107 266 
Virgin 
Cultivated 
-Fixed ammonium N calculated as % of total N-
2.5 1.7 4.2 2.3 
5.5 5.1 9.6 4.9 
^Average results for Superior, Nicollet, and Webster 
virgin and cultivated soils (soils 8-I3 in Ta-ble 1?). 
cultivated soils have a much higher percentage of total N as 
fixed ammonium N than do fractions of the virgin soils. 
The average percentage distribution of fixed ammonium N 
among the particle-size fractions is presented in Tables 42 
and 43» Among the soil particle=size fractions, the clay 
fraction contained 62^ of the fixed ammonium, the silt fraction 
contained 35#, and the sand fraction only 3% (Table 42). On 
average, the distribution of fixed ammonium N among the 
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Table 42, Average percentage distribution of fixed ammonium N 
among soil particle-size fractions 
Soil 
fraction 
Average percentage distribution 
Total N 
Fixed 
ammonium N 
Sand 
Silt 
Clay 
3 
24 
73 
3 
35 
62 
^Average results for the 13 soils described In Table 12, 
^The weight of total N or fixed ammonium N present in 
each fraction expressed as a percentage of the total weight of 
total N or fixed ammonium N recovered in all fractions. 
Table 43, Average percentage distribution of fixed ammonium N 
among soil clay fractions® 
tJiay 
fraction 
Average percentage distribution 
Total N 
i^ 'izçd 
ammonium N 
Coarse 
Medium 
Fine 
40 
29 
31 
41 
34 
25 
®Lindley, Clyde, Harpster, and Glencoe soils, 
^he weight of total N or fixed ammonium N present in each 
fraction expressed as a percentage of the total weight of total 
N or fixed ammonium N recovered in all fractions. 
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coarse, medium, and fine clay fractions was» coarse clay, 
41#; medium clay, 34#; fine clay, 25#. 
The average percentage distribution of fixed ammonium N 
among the fractions Is not Identical to the distribution of 
total N. On average, the silt fraction contains more fixed 
ammonium N (35#) than total N (24#) while the clay fraction 
contains less fixed ammonium N (62#) than total N (73#)* 
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PHYSICAL CHARACTERIZATION OF FRACTIONS 
Introduction 
Physical properties of soil fractions that have been 
studied in the past include» adsorption capacity for water 
vapor, ammonia, or various dyes, heat of wetting, particle 
density, bulk density, plastic limits, swelling, and elec­
trolytic flocculatlon threshold (Anderson and Mattson, 1926, 
Brown and Byers, 1932, Lichmanova, I962, Pokotllo, 1967b). 
Also, the physical techniques of X-ray diffraction, Infrared 
spectroscopy, electron and light microscopy, and differential 
thermal analysis could be used to characterize the mineral 
composition of soil particle-size fractions. The only 
physical property that has generated continued Interest over 
the years is adsorption capacity or, in recent years, the 
cation-exchange capacity. Of the physical techniques that 
could be used for mineralogical analysis. X-ray diffraction 
has had the most widespread application. It was decided that 
a minimum physical characterization of the fractions should 
include a détermination of the cation-exchange capacity and a 
mineraloglcal analysis by X-ray diffraction because these are 
commonly used characterization techniques and they would cer­
tainly yield meaningful information. 
The physical nature of the organic material associated 
with soil particle-size fractions has not been studied in great 
detail. Generally accepted concepts hold that the organic 
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matter in the clay fraction is largely humified and is com-
plexed with clay minerals to form organo-mineral complexes# 
The organic material in the sand fraction, and possibly the 
silt fraction, is thought to be independent particles of partly 
decomposed plant residues that have not been in the soil long 
enough to become humified. If these concepts are correct, 
there is a relationship between particle-size of the organic 
material, length of time the organic material has been in the 
soil, and humification of the organic matter. 
If the organic material does exist as independent parti­
cles in the sand and silt fractions, it should be possible 
to separate the organic matter from the bulk of the inorganic 
material in these fractions on a particle density basis. Pro­
cedures have been developed to separate partly decomposed or­
ganic material (referred to as "free organic matter") from 
the entire soil by Henln and Turc (1950)» Monnier, Turc, and 
Jeanson-Luusinang (1962), Greenland and Ford (1964), and Ford, 
Greenland, and Oades (I969). The procedures used by these 
individuals rely on the different densities of organic material 
and soil mineral material. A typical separation would be to 
suspend soil in an organic liquid with a density of 2.0 g/cc, 
to centrifuge the suspension and sediment all particles with 
densities greater than 2.0 g/cc, and then to decant the light 
material that floated on the liquid. Ford, Greenland, and 
Oades (I969) applied such a procedure to 12 Australian soils 
and separated a light fraction that had, on average, a carbon 
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content of 26#, a nitrogen content of 1,4#, and contained 33# 
of the total carbon and 25# of the total nitrogen in the soil. 
Application of density separation procedures to the sand and 
silt fractions of soils should result in the separation of 
organic material having a composition similar to the light 
fraction separated from the whole soil by Ford, Greenland, and 
Oades (I969). 
The objectives of this section can be summarized ast 
1. Determination of the cation-exchange capacities of 
soil particle-size fractions. 
2. Qualitative identification, by X-ray diffraction, of 
the major mineral species present in the fractions. 
3. Estimation of the age of the organic material associ­
ated with each particle-size fraction by radio­
carbon analysis. 
4». Separation of unbound organic material from sand and 
silt fractions by a density technique. 
Materials and Methods 
Soils 
A general description of the soils used in these studies 
has been given previously with the basic properties of the 
soils presented in Table 12. The procedure for the large-
scale separation of fractions has also been described and the 
distribution of the soil fractions obtained with this procedure 
has been presented in Tables 13 and 14. 
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Analytical procedures 
The cation-exchange capacities of the soils and soil 
fractions were determined according to Keeney and Bremner 
(1969). Analyses for total carbon were performed by the 
method of Tabatabai and Bremner (1970a) and analyses for total 
nitrogen were done according to Bremner (i960). 
Samples were prepared for X-ray diffraction analysis 
according to Jackson (I956, p. 182=190). The X-ray unit was 
a General Electric XRD-6 diffrac tome ter. Ni-filtered Cu 
radiation was used. Parallel orientated specimens were pre­
pared by mounting on porous ceramic plates. Mg-saturated 
glycerol-solvated and K-saturated air-dried mounts were pre­
pared for each sample. After X-raying in the air-dry state, 
the K-saturated moijint was heated to 550° C for two hours and 
then X-rayed again. 
The l^C activities reported were determined by Teledyne 
Isotopes, Westwood, New Jersey, 
Density separation technique 
The unbound organic matter was removed from the sand and 
silt fractions of soils with ZnBr2 solutions that have a den­
sity of 2.5 g/cc and from the soils themselves with ZnBrg 
solutions that have a density of 2.0 g/cc. The separation was 
performed by adding 5 8 of sample to 25 ml of ZnBrg solution 
and then vibrating (Branson Model Vî-185 C Bonifier) this sus­
pension for 15 minutes in a cooled stainless steel test tube 
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with the ultrasonic power adjusted to give an output meter 
reading of 80, After dispersion the suspension was centrifuged 
for 30 minutes at 2,500 rpm with an International centrifuge 
(Model UV, 242 head). After centrifugation the test tube was 
partially immersed in liquid nitrogen to freeze the sedlmented 
material in the lower half of the tube. The light fraction 
was decanted into a beaker and the transfer was completed by 
rinsing the test tube several times with water. After sépara-
tlon, both the light and heavy material were washed with water 
on a smooth filter paper, transferred to beakers, dried at 
100°C, weighed, and ground to pass a 40-mesh sieve. 
Results and Discussion 
Cation-exchange capacity of fractions 
The cation-exchange capacities of the soils used (de­
scribed in Table 12) ranged from I3.I to 56,9 meq/100 g and 
had an average value of 37»7 meq/100 g (Table 44). The cation-
exchange capacities of the soil particle-size fractions are 
presented in Tables 44 and 45. The average cation-exchange 
capacity of the fractions (sand fraction, 7*2 meq/100 g; silt 
fraction. 14.0 meq/100 g: clay fraction. 87.0 meq/100 g) in­
creases markedly as particle-size decreases (Table 44). An 
increase in cation-exchange capacity with decrease in particle-
size has been reported by Whitt and Baver (1937), Joffe and 
Kunin (1943), McAleese and McConaghy (1957), Llchmanova 
(1962), and Pokotilo (1967a). On average, the cation-exchange 
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Table 44, Cation-exchange capacities of soils and soil 
fractions 
Cation-exchange capacities (meq/100 g) 
No. 
Soil 
Series®" Soil 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
1 Lindley 13,1 1.2 4.4 63.6 
2 Clyde 31.8 4.5 11.8 80,6 
3 Harpster 35.6 3.2 17.0 96.2 
4 Glencoe 56.9 5.0 20.7 102, 
5 Okoboji 53.9 23.1 34.5 98.5 
Ô Marcus 40,5 14.0 11.6 85.1 
7 Nicollet 21.5 1.3 8.6 90.3 
8 Superior V 35.7 19.9 17.4 67.3 
9 Superior C 30.4 3.8 10.5 61.6 
10 Nicollet V 43.4 6.0 15.6 96.1 
11 Nicollet C 34.4 2.5 11.6 86.0 
12 Webster V 52.7 6.4 19 • 3 110, 
13 Webster C 39.8 3.0 12.1 93.4 
Average 37.7 7.2 15.0 87.0 
and C indicate a virgin soil (V) and cultivated 
counterpart (C)# 
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Table 45. Cation-exchange capacities of soil clay fractions 
Cation-exchange capacities (meq/100 g) 
Soil Coarse clay Medium clay Pine clay 
No. Series fraction fraction fraction 
1 Llndley 46.3 61,8 83.6 
2 Clyde 79.7 86.1 83.7 
3 Harpster 106. 106, 96.8 
4 Glencoe 99.2 101. 96.4 
Average 82.8 88.7 90.1 
capacity of the clay fraction is 12 times the cation-exchange 
capacity of the sand fraction and 6 times the cation-exchange 
capacity of the silt fraction. The average cation-exchange 
capacities of the virgin soils are greater than the exchange 
capacities or the cultivated soils. Likewise, the fractions 
of the virgin soils also have higher cation-exchange capaci­
ties than the corresponding fractions of the cultivated soils. 
The higher cation-exchange capacities for the virgin soils and 
their fractions can be accounted for by their higher content 
of organic matter. 
The cation-exchange capacities of the soils and their 
fractions are closely related to their organic carbon contents. 
Correlation of organic carbon and cation-exchange capacity 
yielded the following coefficientsi unfractionated soil, 
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r = .89; sand fraction, r = ,97; silt fraction, r = .99; 
clay fraction, r = ,79. In addition to demonstrating the 
remarkable correlation between organic carbon and cation-
exchange capacity, these coefficients suggest that a higher 
percentage of the total cation-exchange capacity is due to 
organic matter for the sand and silt fractions than it is 
for the clay fraction. 
The average catlon-ezchange capacities of the coarse 
(82,8 meq/100 g), medium (88,7 meq/100 g), and fine (90,1 
meq/100 g) clay fractions increase slightly as size of clay 
fraction decreases (Table 45), The cation-exchange capacities 
of the clay fractions of the Lindley soil increase sharply as 
size of clay fraction decreases. The cation-exchange capaci­
ties of the clay fractions of the remaining three soils show no 
consistent trend and are roughly the same, Dudas and Pawluk 
(1969/1970) report data which show that the cation-exchange 
capacity increases with decreasing size of clay fraction. 
The percentage distribution of the cation-exchange capaci­
ty among the soil and clay fractions is presented in Tables 
46 and 4?, The majority of the cation-exchange capacity of 
soils was recovered in the clay fraction. The average re­
covery was 79^ and the range of recoveries was 6l-8f#. 
average, the silt fraction contained 19% of the cation-
exchange capacity and the sand fraction contained 2^. Bie 
cation-exchange capacity was distributed among the clay frac­
tions, on average, in a pattern similar to the particle-size 
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Table 46, Percentage distribution of cation-exchange capacity 
among soil particle-size fractions 
Percentage distribution of 
cation-exchange capacity^ 
Soil 
•u Sand Silt Clay 
No, Series fraction fraction fraction 
1 Lindley 3 16 81 
2 Clyde 2 19 79 
3 Harpster 3 20 77 
4 Glencoe 1 15 84 
5 Okoboji 4 35 61 
6 Marcus 1 17 82 
7 Nicollet 3 12 85 
8 Superior V 3 29 68 
9 Superior C 1 18 81 
10 Nicollet V 2 17 81 
11 Nicollet C 2 15 83 
12 Webster V 2 16 82 
13 Webster C 1 15 84 
Average 2 19 79 
"The mllli-equivalents of cation-exchange capacity pres­
ent in each fraction expressed as a percentage of the total 
milli-equivalents of cation-exchange capacity recovered in 
all fractions. 
^ and C indicate a virgin soil (V) and cultivated 
counterpart (C), 
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Table 47* Percentage distribution of cation-exchange capacity 
among clay-size fractions of soils 
Percentage distribution of 
cation-exchange capacity* 
No. 
Soil 
Series 
Coarse clay 
fraction 
Medium clay 
fraction 
Fine clay 
fraction 
1 Lindley 26 26 48 
2 Clyde 45 30 25 
3 Harpster 31 31 38 
4 Glencoe 34 26 40 
Average 34 28 38 
*The milli-equivalents of cation-exchange capacity pres­
ent in each fraction expressed as a percentage of the total 
milli-equivalents of cation-exchange capacity recovered in all 
fractions• 
distribution of the clay-sized material. 
Mineral composition of soil particle°gize fractions as 
determined by X-ray diffraction 
The mineral composition of the particle-size fractions 
separated from the Lindley, Clyde, Harpster, and Glencoe soils 
was qualitatively determined by x-ray diffraction. The sili­
cate minerals detected in the clay fractions are listed in 
Table 48. 
The major identifiable mineral species in the sand and 
silt fractions of all the soils were quartz and feldspars. 
Table 48. Silicate minerals 
analysis^ 
detected in soil clay fractions by X-ray diffraction 
Silicate mineral 
Soil Smectite KaolLnite Illite Chlorite Quartz Feldspar 
Harpster C.M.P C,M,P C.M C C.M,F C.M.F 
Lindley C,M,F C,M.F C,M C C.M,F C.M.F 
Glencoe C.M.F C,H,F C.M C C.M.F C.M.F 
Clyde (3,M.P C,H,P c c C.M,F C.M.F 
®G, coarse cD.ay fraction; M, medium clay fraction; F, fine clay fraction. 
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The silt fractions contained trace amounts of chlorite, 
illlte or mica, and kaollnlte, Mineral species found In all 
clay-size fractions were smectites, kaollnlte, quartz, and 
feldspars. Illlte was found In the coarse and medium clay 
fractions of the soils and chlorite was detected in the coarse 
clay fractions. 
Semi-quantitative interpretation of the diffraction 
tracings Indicates that smectite minerals were dominant In 
each of the clay-size fractions of the soils, Illlte and 
kaollnlte were present in moderate amounts, while chlorite 
was detected in only very small quantities. There was a 
definite trend for the smectite peaks to Increase in intensity 
as particle-size of the clay fractions decreased. The quanti­
ties of quartz and feldspars In the clay fractions decreased 
as particle-size of the fractions decreased. 
Arshad and Lowe (I966) and Dudas and Pawluk (1969/1970) 
reported mineral compositions, for the clay fractions of 
several Canadian soils, that are very similar to the composi­
tions found in this study for four Iowa soils. 
The fact that the same mineral species were present in 
equivalent size fractions of all soils could be expected as 
the soils studied did not differ greatly in parent material 
or time of weathering. 
The finding that all clay fractions analyzed contained 
significant amounts of quartz and feldspars is of considerable 
Interest, because these minerals have not been considered in 
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discussions of olay-organlc matter interactions In soils• 
Radiocarbon analysis of organic material In soil particle-size 
fractions 
It Is generally assumed that the organic material associ­
ated with the clay-sized fractions of soils is more humified 
and considerably older than the organic material In the sand-
or silt-sized fractions. This assumption was evaluated by 
radiocarbon analysis of the organic material in the sand, 
silt,and clay fractions of the Webster virgin soil (soil 12 
in Table 12). 
The sand, silt, and clay fractions were Isolated according 
to the procedures described previously. The fine clay frac­
tion « 0.2 ja) was separated with an International centrifuge 
fitted with a 976 head. After separation, this fraction was 
handled in the same way as the whole clay {< 2 fraction. 
The fractions were not treated in any way prior to determlna-
f t  
tion of their "^'^C activities by Teledyne Isotopes, Westwood, 
New Jersey. 
The results (Table 49) show that the average age of the 
organic material in the fractions increases with decrease in 
the particle-size of the fraction. They also show that the 
organic material in the clay fraction was not much older 
than the organic material in the sand or silt fractions and had 
an average age of less than 250 years. The C/N ratios of the 
fractions are reported because this ratio Is commonly used as 
an index of humifIcatlon, and Table 49 shows that the C/N ratio 
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Table 4$. activltiea and C/N ratios of organic materials 
In different fractions of Webster virgin soil 
Organic material In fraction 
Particle . C/N 
Fraction size ()i) activity® ratio 
Sand 50-2000 135.2 t 1.5 18.3 
Silt 2-50 106.6 t 1,2 14.7 
Clay < 2.0 99.3 - 1.1 10.5 
Pine clay < 0.2 98.3 - 1.1 9.2 
Soil (unfractionated) 104.5 - 1.2 11.0 
^Expressed as % of 0.950 of activity of NBS oxalic acid 
standard. Analyses were performed by Teledyne Isotopes, 
Westwood, N.J. 
decreased as the average age of the organic material increased. 
These results support the theory that as partlole-8l%e 
decreases, the organic material associated with the particles 
becomes older and more humified. These results also indicate, 
that for this particular soil, the majority of the organic 
matter is relatively young. Scharpenseel (1971) has recently 
reported radiocarbon dates for the particle-size fractions of 
a surface horizon of a Parabraunerde soil from Inden, Holland, 
He found that the mean residence time of the carbon in the 
fractions studied decreased in the order» silt fraction 
(3»450 years)^ coarse clay fraction (3,280 years) ^  fine sand 
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fraction (3,170 years)^ medium clay fraction (2.790 years)2> 
fine clay fraction (2,500 years). 
A catalog of soil radiocarbon dates has been prepared 
by Ruhe (1969)1 and the dates It contains for six A horizon 
samples of Iowa soils range from 100 to 840 years. The dates 
found In this study are consistent with those cataloged by 
Ruhe (1969), but all are much younger than dates reported by 
Scharpenseel (I97I). 
Separation of unbound organic matter from sand and silt 
fractions of soils 
The major minerals present In the sand and silt fractions 
of sells (quartz and feldspars) have densities that range be­
tween 2,5 to 2.8 g/cc. A precise value for the density of the 
organic material in the sand and silt fractions Is not avail­
able, but Khan (1959) found that soil particles that had a 
density greater than 2.45 g/cc had very low carbon contents and 
contained less than 3^ of the total carbon in the soil. Be­
cause it was desired to completely separate the organic matter 
and the mineral material of the sand and silt fractions, the 
separations were made with a solution that had a density that 
approximated the lower density limit of the mineral material, 
that Is 2.5 g/cc, even though solutions with a density of 2.0 
g/cc have customarily been used for the separation of free 
organic matter from soils. 
The reagents usually used for densimetrie separation of 
free organic matter from soils are organic liquids such as 
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bromoform-ethanol, tetrabromoethane-benzene, and 1, 2, dlbromo, 
3-ohloropropane, One difficulty with the use of an organic 
liquid as a density reagent Is that the sample could adsorb 
and retain the organic liquid and, by doing so, alter the 
carbon analysis. It has not been demonstrated that the organic 
liquids used for density separations can be completely removed 
from soil material. A water-soluble inorganic reagent would 
overcome this difficulty, but the materials commonly used 
(thallous formate-thallous malonatej potassium mercuric iodide) 
are quite hazardous. Density gradients of cesium and mbidium 
chloride and bromide have been used to separate biological 
materials, but solutions of these reagents cannot be prepared 
with densities as great as those desired for this study. Com­
parison of the density and solubility of these compounds (CsCl, 
CsBr, RbCl, and RbBr) with other similar compounds suggested 
that solutions of zinc bromide could be prepared with the 
required densities. It was experimentally found that solu­
tions of zinc bromide could be prepared with densities up to 
2.5 g/cc, which was sufficient for this study. 
The sand fractions of the Nicollet and Webster virgin 
and cultivated soils were separated into light and heavy frac­
tions with solutions of zinc bromide (density, 2.5 g/cc) 
according to the procedure described previously. Table 50 
shows the organic carbon contents of the light and heavy 
fractions and the distribution of organic carbon and oven-diy 
material among these fractions. 
Table 50» Distribution of organic carbon and oven-dry material among density-
fractions separated from sand fractions of Nicollet and Webster virgin 
and cultivated soils loiy ZnBr2 technique 
Organic 
carbon 
content (%) 
Percentage distribution 
amonff density fractions 
Material 
studied 
Denis ity 
fraction^ 
Organic 
carbon 
Oven-dry 
material 
Sand fraction of Nicollet 
virgin soil (1.83JS 
organic C) 
LP 
HP 
29.2 
0.124 
93.4 
6.6 
5.8 
94.2 
Sand fraction of Nicollet 
cultivated soil 
(0,57% organic C) 
LF 
HF 
26.6 
0.036 
93.5 
6.5 
1.9 
98.1 
Sand fraction of Webster 
virgin soil (2,02^5 
organic C) 
LF 
IIP 
30.5 
0.056 
97.0 
3.0 
5.3 
94.7 
Sand fraction of Webster 
cultivated soil (0,71^ 
organic C) 
LF 
HP 
27.8 
0.123 
93.6 
6,4 
2.2 
97.8 
®LFr light fraction; HP, heei-'ry fraction. 
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The organic carbon contents of the light fractions range 
from 27 to 31#, and the organic carbon content of the heavy 
fractions range from 0.04 to 0,14#, The organic carbon contents 
found in this study for the light fractions are similar to con­
tents reported by McKeague (1971) for the light material 
«2,0 g/cc) separated from the sand fractions of 17 Canadian 
soils, and are in the range of values reported by Ford, Green­
land, and Cades (I968) for organic carbon contents of the 
light fraction « 2,0 g/cc) separated from the whole soil, 
Chichester (1970) found that the light material separated 
from the sand fraction of a Cecil soil by flotation on water 
had an organic carbon content of 14#, which is lower than 
other values previously reported. 
The distribution of organic carbon and oven-dry material 
among the density fractions shows that the light fractions 
contained 94 to 97# of the total carbon of the sand fraction 
and only 2 to 6# of the oven-dry weight. The sand fractions 
of the virgin soils were found to contain about three times 
more light fraction than did the sand fractions of the culti­
vated soils. 
The sand fractions of the Webster virgin and cultivated 
soils and the light and heavy material separated from the sand 
fractions were examined microscopically. Photographs of the 
sand fractions before and after removal of the light material 
are presented in Figures 16 and 17, These photographs show 
that the denslmetric technique completely removed the light 
Figure 16, Sand fraction of Webster virgin soil before (a) 
and after (b) removal of unbound organic material 
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Figure 17. Sand fraction of Webster cultivated soil before 
(a) and after (b) removal of unbound organic 
material 
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material from the sand fraction• They also show the presence 
of a greater amount of light material In the sand fraction of 
the virgin soil than In the sand fraction of the cultivated 
soil. Photographs of the light material separated from the 
sand fractions of the Webster virgin and cultivated soils 
are presented In Figure 18. These photographs show that the 
light material does not contain any sizeable mineral particles 
of quartz or feldspars. This study has shown that the organic 
material In the sand fractions of soils Is not bound to the 
mineral material and can be separated from It by densImetrie 
techniques, 
The densImetrie separation procedure was also apulled to 
the Webster virgin soil (unfractlonated) and Its silt and clay 
fractions. However, zinc bromide solutions of two different 
densities were used for this study. A solution with a density 
of 2.5 g/cc was used to separate light material from the sand 
and silt fractions In order to achieve as complete a separation 
of organic and mineral material as possible, A solution with 
a density of 2,0 g/cc was used to separate light material from 
the unfractlonated soil because use of solutions with higher 
densities could result in the recovery of some of the clay-
organic matter complex in the light material and because it 
was desired to compare the results obtained in the present 
study to those obtained by other workers. 
Application of density separation techniques to the clay 
fraction did not produce any meaningful separations. The 
Figure 18, Unbound organic material removed from Webster 
virgin (a) and cultivated (b) soils 
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particles of the clay fraction were found to have densities 
that ranged between 2.0 g/cc and 2.5 g/cc. It was not possi­
ble to separate a fraction that contained mainly organic 
material and no minerals, or a fraction that contained only 
mineral material without any organic matter. 
The organic carbon contents of the light and heavy frac­
tions separated from the Webster virgin soil and its sand and 
silt fractions, together with the distributions of organic 
carbon and oven-dry material among the fractions, are presented 
in Table $1. The data for the sand fraction of the Webster 
virgin soil are repeated in Table 51 to facilitate comparisons. 
The organic carbon contents of the light fractions sepa­
rated from the unfractionated soil and from the sand fraction 
are practically identical (30,9 and 3O.5# C), but the light 
material separated from the silt fraction has a markedly 
lower organic carbon content (18.3^ C). The light material 
separated from the sand and silt fractions contained 96 to 
97$ of the total organic carbon in these fractions, but the 
light material separated from the soil contained only 12$ 
of the total soil carbon. The light material comprised, by 
weight, 5% of the sand fraction and 18^ of the silt fractions 
When the quantities of light fraction are expressed as g of 
light material/lOO g soil, the unfractionated soil contains 
2.2 g of light material, the sand fraction contains 0.95 g of 
light material and the silt fraction contains 7.6 g of light 
material. On a weight basis, the procedure used to separate 
Table 5I, Distribution of organic carbon and oven-dry material among density 
fractions separated fi-om Webster virgin soil and its sand and silt 
fractions by ZnBr^ te clinique 
Organic 
carbon 
Percentage distribution 
amonp density fractions 
Material Densiity content Organic Oven-dry 
studied fraction* ( % )  carbon material 
Soil I,F 30.9 11.6 2.2 
(5»95^ organic C) in? 5.28 88.4 97.8 
Sand fraction LF 30.5 97.0 5.3 
(2.02# organic C) in? 0.056 3.0 94.7 
Silt fraction 1.F 18.3 96.4 17.6 
(3»58# organic C) lU? 0.142 3.6 82.4 
^LP| light fraction; HP, hes^ry fraction. 
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light material from the unfractionated soil recovered only 
25% of the light material separated from the sand and silt 
fractions. This difference occurred because of the different 
densities used to make the separations; however, these find­
ings seem to indicate that procedures customarily used to 
separate free organic matter from soils (i.e., use of density 
solutions with specific gravity of 2.0 g/cc) fall to recover 
all the material that may be present. 
Examination of the light material separated from the 
sand and silt fractions of the Webster virgin soil with a 
pétrographie microscope showed that it contained numerous 
phytoliths and occasional particles of quartz and feldspars. 
Mineral species found by X-ray diffraction of H2O2 treated 
light material were also quartz and feldspars. These obser­
vations indicate that the organic material associated with 
the sand and silt fractions of this soil was free organic 
matter (organic material unbound to mineral material). 
It can be concluded that the organic matter of the silt 
fraction exists in a physical state that resembles the organic 
matter in the sand fraction rather than that in the clay frac­
tion. On the basis of the results obtained for the sand 
and silt fraotions of the Webster virgin soil, st least yi% 
of the soil carbon exists as free organic matter. If all the 
organic material in the sand and silt fractions of the soils 
described in Table 12 is assumed to be free organic matter, 
these soils have, on average, of their organic carbon as 
free organic matter. 
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SUMMARY AND CONCLUSIONS 
The objectives of the work described in Part II of this 
dissertation were* 
1. to characterize the chemical nature of soil particle-
size fractions by determining their contents of or­
ganic carbon, total nitrogen, total sulfur, total 
phosphorus, organic phosphorus, inorganic phosphorus, 
total aluminum, total IroQ, total calcium, total 
magnesium, total potassium, total sodium, and fixed 
ammonium N, 
2. to characterize the physical properties of soil 
particle-size fractions by determining their cation-
exchange capacities, their mineral compositions, 
their ^^C activities, and their amounts of unbound 
organic material. 
The findings can be summarized as follows! 
1# The data obtained concerning the distribution of the 
elements known to occur in soil organic matter 
(C, N, and S) show that most of the organic matter 
in the soils studied was associated with the clay 
fractions of these soils. The average contents of 
organic carbon, total nitrogen, and total sulfur in 
soil partlcle=size fractions decreased in the order; 
clay fraction > silt fraction > sand fraction with 
the contents of organic carbon, total nitrogen, and 
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total sulfur in the clay fraction being 3 to 6 times 
greater than the contents of the sand or silt frac­
tions, Calculations from particle-size data and the 
contents of organic carbon, total nitrogen, and total 
sulfur in the fractions showed that, on average, 
66-73/^ of the carbon, nitrogen, and sulfur was re­
covered in the clay fraction, 24-29# was recovered 
in the silt fraction, and 3=5# was recovered in the 
sand fraction. Calculations from the particle-size 
distribution data for the virgin soils and their 
cultivated counterparts and from the organic carbon, 
total nitrogen, and total sulfur analyses of these 
soils and their fractions showed that 42-63# of the 
organic carbon, 62-71# of the total nitrogen, and 
60-73# of the total sulfur lost through cultivation 
of the virgin soils could be accounted for as losses 
from the clay fractions of these soils. The finding 
that the C/N ratios of the fractions decreased in the 
order: sand fraction > silt fraction > clay fraction 
supports the belief that the organic matter in soils 
becomes more humified as particle-size decreases. 
The contents of total phosphorus, organic phosphorus, 
and inorganic phosphorus decreased in the order: 
clay fraction > silt fraction > sand fraction for all 
soils. Calculations show that, on average, the 
contents of total phosphorus, organic phosphorus, and 
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inorganic phosphorus in the clay fractions are 9, 4], 
and 5 times the contents of total, organic, and inor­
ganic phosphorus in the sand fractions. Further cal­
culations show that, on average, 72^ of the total 
phosphorus, 86^ of the organic phosphorus, and Sl.% of 
the inorganic phosphorus found in the fractions was 
recovered in the clay fraction. Additional calcula­
tions show that, on average, 10# of the total phos­
phorus in the sand fraction is present in organic 
form, 21% of the total phosphorus in the silt fraction 
is present in organic form, and #9$ of the total phos­
phorus in the clay fraction is present in organic form. 
The contents of aluminum, iron, and magnesium are much 
greater in the clay fraction than in the sand or silt 
fractions. The clay fractions, on average, contain 
52# of the total aluminum, 71# of the total iron, and 
69# of the total magnesium. The total calcium con-
+-OT1+-0 nf -f-Vio T>oT»t-i TO r\r\o ot>o r»iTh err'aef vl ir 
different, but, on average, there is a slight decrease 
in the order; clay fraction (1.99# oa)^ silt frac­
tion (1.28# Ca)^ sand fraction (0.66# Ca). There is 
no uniform trend among all soils for the potassium con­
tents of the fractions. On average, the total pctas= 
slum contents decrease in the order» silt fraction 
(I.53# K)^ clay fraction (1.34# K)^ sand fraction 
(1,11# K)e The total sodium contents of the sand and 
silt fractions are much greater than the contents of 
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the clay fractions (average contents; sand fraction, 
1,05# Na; silt fraction, I.07# Na; clay fraction, 
0.12^ Na), All soil fractions analyzed contained 
fixed ammonium N, but, on average, the fixed ammonium 
N contents Increased In the order» sand fraction 
(16 ppm) > silt fraction (I05 ppm) > clay fraction 
(258 ppm). On average, the clay fraction contained 
62^ of the fixed ammonium N, the silt fraction con­
tained 35^1 and the sand fraction 3^. 
2, The average cation-exchange capacity of the fractions 
Increases markedly as particle-size decreases (sand 
fraction, 7.2 meq/100 g; silt fraction, I5.O meq/ 
100 g; clay fraction, 87,0 meq/100 g). On average, 
the cation-exchange capacity of the clay fraction is 
12 times the cation-exchange capacity of the sand 
fraction and 6 times the cation-exchange capacity of 
the silt fraction. The majority of the cation-
exchange capacity was recovered in the clay fraction 
(79%) with lesser amounts recovered in the silt (19^) 
and sand (Z%) fractions. Major mineral species found 
in the sand and silt fractions were quartz and 
feldspars. Mineral species found in all clay mineral 
fractions were smectites, kaolinite, quartz, and 
feldspars. 1111te was found in the coarse and medium 
clay fractions of the soils and chlorite was detected 
in the coarse clay fractions. Radiocarbon analysis 
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of organic material In soil partlcle-slze fractions 
showed that as partlcle-slze decreases, the organic 
matter associated with the particles becomes older 
and more humified. Denslmetrlc separation of unbound 
organic matter from the sand and silt fractions of 
soils was achieved through use of zinc bromide solu­
tions with densities of 2.5 g/cc. The light material 
separated had high carbon contents (15-30/^) and con­
tained 96-97# of the carbon in the sand and silt 
fractions. Mineral constituents of the light frac­
tion are mainly phytoliths and occasional particles 
of quartz and feldspars. The organic material 
associated with the sand and silt fractions exists 
as unbound or free organic matter. 
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Table $2. Percentage-clay values obtained for soils immedi­
ately after ultrasonic vibration and after allowing 
the soil suspensions to stand for two and four days 
after dispersion® 
Time after dispersion (days) 
Soil series 0 2 4 
Percentage-clay values 
Regina 73.9 73.5 73.3 
Tdahiawa 81.3 81.8 81.5 
Indian Head 55.9 56.2 56.5 
Clarence C 59.3 59.9 59.0 
Houston 53.7 54.8 30.0 
Paaloa 58.0 57.7 57.0 
Glencoe 46.1 46.1 44.9 
Fargo 42.4 43.3 42.1 
Mohave 44.8 45.7 44.2 
Davidson 41.5 41.8 41.0 
Superior 38.6 38.7 38.0 
Webs ter 36.4 35.9 34.8 
Pima 42.2 41.6 41.9 
Waltvllle B 33.4 33.5 33.3 
Sharpsburg 32.4 32.8 32.0 
Okobojl 34.8 34.7 34.1 
Davidson B 29.9 29.6 29.8 
Harpster 28.5 28.1 27.7 
Yolo C 32.9 32.7 32.7 
Weller B 24.9 25.4 25.1 
26 • 1 26.6 2é, 3 
Nicollet 21.7 22.1 21.4 
Astoria 25.4 24.3 23.7 
Weller 18.8 19.0 18.7 
Lindley 16.7 16.8 16.5 
Gila 22.7 23.1 22.8 
Hayden 11.4 11.9 12.5 
Hartsell 8.6 8.9 9.5 
^Cooled soil suspension (10 g soll/25 ml water) was vi­
brated (Branson Model W-185 C Sonifier) in a stainless steel 
test tube for 15 min with the ultrasonic power adjusted to 
give an output meter reading of 80. 
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Table 53» Percentage-clay values obtained for soils Immedi­
ately after chemical dispersion and after allowing 
the soil suspensions to stand for two and four days 
after dispersion® 
Time after dispersion (days) 
Soil series 0 2 4 
-Percentage-clay values— 
Reglna 72.2 73.7 73.8 
Wahlawa 63.9 66.6 66.6 
Indian Head 55.5 56.0 56.9 
Clarence C 54.1 55.0 54.6 
Houston 51.0 53.5 54.3 
Paaloa 47.7 52.8 53.5 
Glencoe 42.5 44.5 45.9 
Fargo 42.1 43.3 43.5 
Mohave 37.6 41.3 40.6 
Davidson 35.5 36.7 37.0 
Superior 35.4 36.2 37.1 
Webster 34.5 35.4 35.3 
Pima 31.5 33.6 34.7 
Waitville B 31.3 31.7 31.6 
Sharpsburg 31.2 31.9 31.0 
Okobojl 27.8 29.4 29.8 
Davidson B 27.1 29.3 28.7 
Harpster 26.8 25.9 25.8 
Yolo C 22.9 24.4 24.7 
Waller B 22.8 23.8 23.3 / A — ^  WA wwn V 22.7 23.0 23.4 
Nicollet 22.1 22.7 22.5 
Astoria 19.8 21.6 20.7 
Weller 17.7 18.3 18.4 
Llndley 15.0 16.2 16.4 
Gila 13.5 15.0 15.1 
Hayden 11.3 11.2 11.3 
Hartsell 7.5 9.1 8.6 
^Dispersion performed as described by Kilmer and Alexander 
(1949). 
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Table $4. Results of analyses performed on shaken and vibrated 
soil-water suspensions (Glencoe soil) 
, Vibrated suspension* Shaken , ^ 
Analysis performed suspension ABC 
pH (soilJwater ratio, 7.3 7.1 7.2 7.3 
1:2.5) 
Water-soluble material 9.9 14.2 22.3 18,0 (mg/10 g soil) 
Water-soluble organic C 1.5 2,5 3.0 3.5 
{% of total soil organic 0 ^ 
Water-soluble total N 1.6 1.7 2.0 2.8 
{% of total soil N) 
Water-soluble total S 2.3 2.6 3.6 4.3 
{% of total soil S) 
Water-soluble total P 3.9 2.5 3.1 1.2 
{% of total soil P) 
Conductivity of water 0.134 0.133 0.146 0.137 
extract (mmhos/cm) 
Cation-exchange capacity 56.1 56.0 59.2 61.3 (meq/100 g soil) 
Exchangeable Ca 41.2 42.9 42.8 42.9 (meq/100 g soil) 
Exchangeable Mg 9.1 9.2 9.4 9.2 (meq/100 g soil) 
Exchangeable K 2.6 2.5 2.5 4.9 (meq/100 g soil) 
V»#-» "KT 0 ATXJ. _ AT 
(ppm) 
19 19 2< 33 
Exchangeable (NO2 + NO^)-N 2 2 0 1 
(ppra) 
®A, cooled soil suspension (10 p soil/25 ml water) was vi­
brated (Branson Model W-I85 C Sonifier) in a stainless steel 
test tube for 15 m in with the ultrasonic pcv?er adjusted to give 
an output meter reading of 80; B, as in A, but the soil suspen­
sion was not cooled during vibration; C, as in A, but the vibra­
tion time was extended to 60 rain and the ultrasonic power was 
increased to give an output meter reading of 120, 
^Soil suspension (10 g soil/25 ml water) was shaken 
on reciprocal shaker (265 cycles/min) for 90 min. 
218 
Table 55* Results of analyses performed on shaken and vibrated 
soil-water suspensions (Sharpsburg soil) 
Shaken Vibrated suspension^ 
Anal y s i s  p e r f o r m e d  s u s p e n s i o n ^  A B C  
pH (soil;water ratio, 
1:2.5) 
Water-soluble material 
(mg/10 g soil) 
Water-soluble organic C 
of total soil organic C) 
Water-soluble total N 
{% of total soil N) 
Water-soluble total S 
(% of total soil S) 
Water-soluble total P 
(% of total soil P) 
Conductivity of water 
extract (mmhos/cm) 
Cation-exchange capacity 
(meg/100 g soil) 
Exchangeable Ca 
(meq/100 g soil) 
Exchangeable Mg 
(meq/lOO g soil) 
Exchangeable K 
(meq/lOO g soil) 
Exchangeable NKii—N 
( ppm) 
Exchangeable (NO. + NOo)-N 
(ppm) ^ 
5.2 5.7 5.6 5.7 
7.9 9.2 13.9 12.6 
1.2 
1 
1,6 4.6 4.3 
1.5 1.6 2.1 2.6 
2.6 2.8 4.1 5.1 
0.2 0.2 0.2 0.4 
0,065 0.068 0.077 0.073 
30.9 30.3 34.8 38 .1 
14.9 15.2 12.5 14.7 
4.7 4.6 4.5 4.8 
1.2 1.4 1.5 2.0 
18 18 20 28 
0 1 1 1 
^A, cooled soil suspension (10 g soil/25 ml water) was vi­
brated (Branson Model W-I85 C Sonifler) in a stainless steel 
test tube for 15 mln with the ultrasonic power adjusted to give 
an output meter reading of 80; B, as in A', but the soil suspen­
sion was not cooled during vibration; C, as in A, but the vibra­
tion time was extended to 60 mln and the ultrasonic power was 
increased to give an output meter reading of 120, 
^Soil suspension (10 g soil/25 ml water) was shaken 
on reciprocal shaker (265 cycles/min) for 90 mln. 
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Table $6. Results of analyses performed on shaken and vibrated 
soil-water suspensions (Harpster soil) 
Shaken Vibrated suspension^ 
Analysis performed suspension^ ABC 
pH (soil:water ratio, 7 = 9 7 .8  7 .5  7 .9  
1 :2 .5 )  
Water-soluble material 10 .5  15 .0  23.1 22.6 
(mg/10 g soil) 
Water-soluble organic C 0 .9  1 .5  3 .0  3 .0  
(% of total soil organic c) 
Water-soluble total N 1 .3  1 .5  2.6 2.6 (% of total soil N) 
Water-soluble total S 2 .9  3 .1  4 .7  5 .3  (^ of total soil S) 
Water-soluble total P 1.2 0.7 0 .4  1.2 
of total soil P 
Conductivity of water 0.169 0.191 0.201 0. 220 
extract (mmhos/cm) 
Cation-exchange capacity 34 .2  34.7 35 .3  37 .1  (meq/lOO g soil) 
Exchangeable Mg 4 .2  4.2 3 .7  4 .4  (meq/100 g soil) 
Exchangeable K 0.4 0 .4  0.4 0 .8  
(meq/100 g soil) 
16 Exchangeable NH^-N 15 13 15 (ppm) 
Exchangeable (NO? + NOt)=N 22 22 23 22 (ppm) 
®A, cooled soil suspension (10 g soll/25 ml water) was vi­
brated (Branson Model W-I85 C Bonifier) in a stainless steel 
test tube for I5 min with the ultrasonic power adjusted to give 
an output meter reading of 80; B, as in A, but the soil suspen­
sion was not cooled during vibrations C. as In A. but the vibra­
tion time was extended to 60 min and the ultrasonic power was 
increased to give an output meter reading of 120. 
^Soil suspension (10 g soil/25 ml water) was shaken 
on reciprocal shaker (265 cycles/min) for 90 min. 
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Table 57, Results of analyses performed on shaken and vibrated 
soil-water suspensions (Nicollet soil) 
Shaken Vibrated suspension^ 
Analysis performed suspension^ ABC 
pH (soilJwater ratio, 7 .0  6.9 7 .0  7 .1  
1 :2 .5 )  
VJater-soluble material 9 .3  10.1 17.6 15.0 (mg/10 g soil) 
Water-soluble organic C 1.6 1.6 2.9 2,2 
{% of total soil organic C) 
Water-soluble total N 1.4 1.4 2.3 2 ,4  (% of total soil N) 
Water-soluble total S 3 .1  3 .3  4 .3  4 .7  (% of total soil S) 
Water-soluble total P 1 .7  1.2 0.8 0 .4  {% of total soil P) 
Conductivity of water 0.128 0.132 0.158 0.126 
extract (mmhos/cm) 
Cation-exchange capacity 25.8 26.0 28.0 30.6 (meq/100 g soil) 
Exchangeable Ca 19 .5  19.2 19.4 19.2 (meq/100 g soil) 
Exchangeable Mg 4 .2  4 .2  4 .4  4 .3  
(meq/100 g soil) 
Exchangeable K 0 .5  0.5 0.6 0.8 (meq/100 g soil) 
Exchangeable NHV-N 14 15 18 25 (ppm) 
Exchangeable (NOp + NOo)-N 50 52 57 49 
®A, cooled soil suspension (10 g soil/25 ml water) was 
vibrated (Branson Model W-I85 C Sonifier) in a stainless steel 
test tube for I5 min with the ultrasonic power adjusted to give 
an output meter reading of 80; B, as in A, but the soil suspen­
sion was not cooled during vibration? C, as in A, but the vibra­
tion time was extended to 60 min and the ultrasonic power was 
increased to give an output meter reading of 120. 
^Soil suspension (10 g soil/25 ml water) was shaken 
on reciprocal shaker (265 cycles/min) for 90 min. 
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Table $8, Results of analyses performed on shaken and vibrated 
soil-water suspensions (Llndley soil) 
Shaken . Vibrated suspension®' 
Analysis performed suspension A B C 
pH (soilswater ratio, 6.1 6.0 6.2 6.0 
1:2.5) 
Water-soluble material 5.8 6.5 10.0 8.4 (mg/10 g soil) 
Water-soluble organic C 3.5 3.9 3.8 4.2 {.% of total soil organic c) 
Water-soluble total N 2.3 2.2 2.4 3.5 (^ of total soil N) 
Water-soluble total S 4.1 4.7 5.8 6.6 {% of total soil S) 
Water-soluble total P 1.6 0.1 0.3 1.6 
{% of total soil P) 
Conductivity of water 0.058 0.056 0.073 0.048 
extract (mmhos/cm) 
Cation-exchange capacity 12.5 13.5 13.7 15.4 (meq/100 g soil) 
Exchangeable Ca 8.0 7.5 7.9 7.9 (meq/100 g soil) 
Exchangeable Mg 1.9 2.0 2.0 2.2 (meq/100 g soil) 
Exchangeable K 0.3 0.3 0.4 0.8 (meq/100 g soil) 
Exchangeable NH;,-N 8 11 9 13 (ppm) 
Exchangeable (NOo + NOo)-N 0 0 0 0 
(ppm) 
cooled soil suspension (10 g soil/25 ml water) was 
vibrated (Branson Model W-I85 C Sonifier) in a stainless steel 
test tube for I5 min with the ultrasonic power adjusted to give 
an output meter reading of 80; B, as in A, but the soil suspen­
sion was not cooled during vibration; C, as in A, but the vibra­
tion time was extended to 60 min and the ultrasonic power was 
increased to give an output meter reading of 120. 
^Soil suspension (10 g soll/25 ml water) was shaken 
on reciprocal shaker (265 cycles/min) for 90 min. 
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Table 59» Effect of dispersion treatment on the recovery of 
soil components in clay fractions isolated from 
soils 
Percentage recovery in 
clay fraction 
Dispersion Marcus Nicollet 
Soil component treatment^ soil soil 
Oven-dry material W 27.3 15.7 
UV 39.1 20.3 
Total C W 42.2 49.9 
UV 70.6 71.8 
Total N W 46.6 53.0 
UV 76.5 77.0 
Total S w 50.5 54.2 
UV 69.7 83.5 
Total P w 53.0 56.9 
UV 76.0 71.2 
W, dispersion consisted of repeatedly suspending samples 
in water by hand stirring; UV, dispersion performed by ultra­
sonic vibration. 
Table 60. Organic carbon contents of soil particle-size fractions 
Organic carbon contents ( 
No. 
Soil 
Series® 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine clay 
fraction 
1 Lindley 0.19 0.80 5.39 6.24 5.52 4.55 
2 Clyde 0.75 2.24 8.76 9.99 8.33 7.47 
3 Harpster 0.76 3.08 8.95 14.5 9.90 5.90 
i+ Glencoe 1.33 3.86 8.97 13.0 9.40 4.52 
5 Okoboji 7.03 7.24 11.4 
6 Marcus 6.64 1.58 6.86 
7 Nicollet 0.13 1.11 5.02 
8 Superior V 7.09 2.97 6.13 
9 Superior C 0.84 1.37 3.07 
10 Nicollet V 1.83 3.03 10.5 
11 Nicollet C 0.57 1.64 7.02 
12 Webster V 2.02 3.39 10.2 
13 Webster C 0.71 1.72 7.95 
and C indicate a virgin si oil (V) and cultivated counterpart (C), 
Table 6l„ Total nitrogen contents of soil particle-size fractions 
Total nitrogen contents 
No. 
Soil 
Series®-
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine 
clay 
fraction 
1 Llndley 0.00918 0.0448 0.564 0.531 0.602 0.602 
2 Clyde 0.0474 0.182 0.856 0.834 0.852 0.881 
3 Harpster 0.0251 0.223 0.857 1.14 0.972 0.710 
4 Glencoe 0.763 0.321 0.822 1.08 0.874 0.550 
5 Okoboji 0.512 0.587 1.25 
6 Marcus 0.371 0.108 0.659 
7 Nicollet 0.00332 0.0791 0.512 
8 Superior V 0.290 0.218 0.737 
9 Superior C 0.0487 0.116 0.334 
10 Nicollet V 0.0831 0.202 0.968 
11 Nicollet C 0.0278 0.105 0.664 
12 Webster V 0.0944 0.252 1.00 
13 Webster C 0.0332 0.116 0.698 
and G indicate a virgin «oil (V) and cultivated counterpart (C>. 
Table 62. Total sulfur contents of soil particle-size fractions 
Total sulfur contents {%) 
No. 
Soil 
Series^ 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine 
clay 
fraction 
1 Lindley 0.0009 0.0049 0.0698 0.0527 0.0729 0.0758 
2 Clyde 0.0048 0.0221 0.108 0.0869 0.0958 0.100 
3 Harpster 0.0091 0.0326 0.114 0.137 0.126 0.104 
4 Glencoe 0.0110 0.0392 0.0961 0.112 O.O98I 0.0684 
5 Okoboji 0.105 0.116 0.209 
6 Marcus 0.0319 0.0152 0.0818 
7 Nicollet 0.0015 0.0112 0.0798 
8 Superior V 0,0329 0.0280 0.0970 
9 Superior C 0.0055 0.0141 0.0465 
10 Nicollet V 0.0091 0.0253 0.118 
11 Nicollet C 0.0017 0.0122 O.OBI3 
12 Webster V 0.0097 0.0409 O.I65 
13 Webster C 0.0010 0.0139 O.9O8 
and C indicate a virgin fîoil (V) and its cultivated counterpart (C). 
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Table 63. Percentage distribution of organic carbon among 
soil particle-size fractions 
Percentage distribution 
of organic carbon^ 
No. 
Soil 
Series^ 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
1 Lindley 5 28 67 
2 Clyde 2 29 69 
3 Harpster 6 32 62 
4 Glencoe 2 27 71 
5 Okoboji 8 47 45 
6 Marcus 3 25 72 
7 Nicollet 5 23 72 
8 Superior V 10 40 50 
9 Superior C 4 35 61 
10 Nicollet V 6 25 69 
11 Nicollet C 4 23 73 
12 T»Tô Kc»+*ô>» Tf 6 25 :9 
13 Webster C 3 22 75 
&The weight of organic carbon present in each fraction 
expressed as a percentage of the total weight of organic carbon 
recovered in all fractions. 
W and C indicate a virgin soil (V) and cultivated 
counterpart (G). 
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Table 64. Percentage distribution of total nitrogen among 
soil particle-size fractions 
centage distrlbutl 
of total nitrogen®-
Soil 
•U Sand Silt Clay 
No. Series fraction fraction fraction 
1 Lindley 3 18 79 
2 Clyde 2 26 72 
3 Harpster 3 27 70 
4 Glencoe 1 26 73 
5 Okoboji 6 41 53 
6 Marcus 2 19 79 
7 Nicollet 1 18 81 
8 Superior V 4 31 65 
9 Superior C 3 30 67 
10 Nicollet V 3 20 77 
11 Nicollet C 2 17 81 
12 Webster V 3 21 76 
13 Webster C 2 18 80 
®-The weight of total nitrogen present in each fraction 
expressed as a percentage of the total weight of total nitrogen 
recovered in all fractions. 
^ and C indicate a virgin soil (V) and cultivated 
counterpart (C). 
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Table 65• Percentage distribution of total sulfur among soil 
particle-size fractions 
Percentage distribution 
of total sulfur®-
Soil 
Sand Silt Clay 
No. Series^ fraction fraction fraction 
1 Lindley 2 16 82 
2 Clyde 1 25 74 
3 Harpster 6 28 66 
4 Glencoe 2 26 72 
5 Okoboji 7 44 49 
6 Marcus 1 22 77 
7 Nicollet 4 16 80 
8 Superior V 4 31 65 
9 Superior C 2 28 70 
10 Nicollet V 3 21 76 
11 Nicollet C 1 17 82 
1 0 ^ X. T y 0 21 Cm nv wo 00 J. V C  Y 7 
13 Webster C 1 17 82 
^The weight of total sulfur present in each fraction ex­
pressed as a percentage of the total weight of total sulfur 
recovered in all fractions. 
W and C indicate a virgin soil (V) and cultivated 
counterpart (C). 
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Table 66. Percentage distribution of organic carbon among 
clay-size fractions of soils 
Percentage distribution 
of organic carbon^ 
Coarse Medium Pine 
clay clay clay 
fraction fraction fraction 
1 Lindley 41 28 31 
2 Clyde 52 27 21 
3 Harpster 45 31 24 
4 Glencoe 51 28 21 
Soil 
No, Series 
&The weight of organic carbon present in each fraction 
expressed as a percentage of the total weight of organic 
carbon recovered in all fractions. 
Table 67. Percentage distribution of total nitrogen among 
clay-size fractions of soils 
Percentage distribution 
of total nitrogen" 
Coarse Medium Fine 
clay clay clay 
fraction fraction fraction 
1 Lindley 33 29 38 
2 Clyde 45 29 26 
3 Harpster 38 31 31 
4 Glencoe 45 27 28 
Soil 
No, Series 
^The weight of total nitrogen present in each fraction 
expressed as a percentage of the total weight of total 
nitrogen recovered In all fractions. 
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Table 68, Percentage distribution of total sulfur among 
clay-size fractions of soils 
Percentage distribution 
of total sulfur® 
Soil 
No. Series 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Pine 
clay 
fraction 
1 Lindley 28 30 42 
2 Clyde 44 29 27 
3 Harpster 34 32 34 
4 Glencoe 42 28 30 
®-The weight of total sulfur present in each fraction 
expressed as a percentage of the total weight of total sulfur 
recovered in all fractions. 
Table 69. Organic carbon/total nitrogen ratios of soil particle-size fractions 
Organic carbon/total nitrogen ratios 
No. 
Soil 
Series® 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Pine clay 
fraction 
1 Lindley 20.7 17.9 9.6 11.8 9.2 7.6 
2 Clyde 15.8 12.3 10.2 12.0 9.8 8.5 
3 Harpster 30.3 ;L3.8 10.4 12.7 10.7 8.3 
4 Glencoe 17.4 12.0 10.9 12.0 10.8 8.2 
5 Okoboji 13.7 12.3 9.1 
6 Marcus 17.9 14.6 10.4 
7 Nicollet 39.2 14.0 9.8 
8 Superior V 24.4 13.6 8.3 
9 Superior C 17.2 11.8 9.2 
10 Nicollet V 22.0 15.0 10.8 
11 Nicollet C 20.3 15.6 10.6 
12 Webster V 21.4 13.4 10.2 
13 Webster G 21.4 14.8 11.4 
and C indicate a virgin soil (V) and cultivated counterpart (C). 
Table 70. Total nltrogen/total sulfur ratios of soil particle-size fractions 
Total nitrogen/total sulfur ratios 
No. 
Soil 
Series® 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Pine clay 
fraction 
1 Lindley 10.2 9.1 8.1 10.1 8.3 7.9 
2 Clyde 9.9 8.2 7.9 9.6 8.9 8.8 
3 Harpster 2.8 6.8 7.5 8.3 7.4 6.8 
4 Glencoe 6.9 8.2 8.6 9.6 8.9 8.0 
5 Okoboji 4.9 5.1 6.0 
6 Marcus 11.6 7.1 8.1 
7 Nicollet 2.2 7.1 6.4 
8 Superior V 8.8 7.8 7.6 
9 Superior C 8.9 8.2 7.2 
10 Nicollet V 9.1 8.0 8.2 
11 Nicollet C 16.4 8.6 8.2 
12 Webster V 9.7 6.2 6.1 
13 Webster C 33.2 8.3 7.7 
and C indicate a virgin is oil (V) and cultivated counterpart (C). 
Table 71. Total phosphorus contents of soil partlcle-slze fractions 
Total phosphorus contents {%) 
Coarse Medium 
Gilt Clay clay clay Pine clay 
fraction fraction fraction fraction fraction 
1 Lindley 
00 o
 
o
 
o
 0,0161 0.143 0.0942 0.176 0.130 
2 Clyde 0.0160 0.0532 0.232 0.229 0.241 0.159 
3 Harpster 0.G140 0.0347 0.186 0.173 0.222 0.172 
4 Glencoe 0.0191 0,0463 0.156 0.106 0,158 0.126 
5 Okobojl 0.0255 0.0466 0,118 
6 Marcus 0.0210 0.0267 0.133 
7 Nicollet 0.0074 0.0237 0.141 
8 Superior V 0.0291 0.0462 0.138 
9 Superior C 0.0153 0.0319 0.0937 
10 Nicollet V 0.0108 0.0256 0.120 
11 Nicollet G 0.0115 0.0219 0.120 
12 Webster V 0.0176 0.0357 0.116 
13 Webster C 0.0144 0.0238 0.120 
Sand 
No. Series* fraction 
and C Indicate a virgin «oil (V) and cultivated counterpart (C). 
Table 72, Organic phosphorus contents of soil partlcle-slze fractions 
Organic phosphorus contents {.%) 
No. 
soil 
Series* 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine clay 
fraction 
1 Lindley 0.0001 0' «0020 0.0921 O.O7O8 0.134 0.0574 
2 Clyde 0.0032 c «0287 0.167 0.163 0,204 0.122 
3 Harpster 0.0013 c «0066 O.O89O 0.0798 0.102 0.0862 
4 Glencoe 0.0049 0' «0073 0.0590 0.0452 O.O854 0.0479 
5 OkohoJ1 0.0006 C; «0059 0.0450 
6 Marcus 0.0016 C «0023 0.0691 
7 Nicollet 0.0005 c «0027 0.0754 
8 Superior V 0.0079 c- «0120 0.0515 
9 Superior C 0.0005 c 
0
 
0
 0.0350 
10 Nicollet V 0.0001 c «0019 0.0456 
11 Nicollet C 0.0001 c «0009 0.0348 
12 Webster V 0.0005 C' «0055 0.0745 
13 Webster C 0,0006 0 «0088 0.0617 
and C indicate a virgin soil (V) and cultivated counterpart (C). 
Table 73. Inorganic phosphorus contents of soil parttele-size fractions 
Inorganic phosphorus contents {%) 
No. 
Soil 
Series® 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine clay 
fraction 
1 Lindley 0.0057 0.0141 0.0509 0.0234 0,0420 0.0726 
2 Clyde 0,0128 0.0245 0.0650 0,0660 0,0370 0.0370 
3 Harpster 0.0127 0 0981 0.0970 0.0932 0.120 O.O858 
4 Glencoe 0.0142 0.0390 0.0970 0.0608 0.0726 0.0781 
5 Okoboji 0.0249 0.0407 0.0730 
6 Marcus 0.0194 0.0244 0.0639 
7 Nicollet 0.0069 0.0210 0.0656 
8 Superior V 0.0212 0.0342 O.O865 
9 Superior C 0.0148 0.0265 0.0587 
10 Nicollet V 0.0107 0.0237 0.0744 
11 Nicollet C 0.0114 0.0210 0.0852 
12 Webster V 0.0171 0.0302 0.0415 
13 Webster C 0.0138 0.0150 0.0583 
and C indicate a virgin soil (V) and cultivated counterpart (C). 
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Table 74. Percentage distribution of total phosphorus among 
soil particle-size fractions 
Percentage distribution 
of total phosphorus^ 
Soil 
"R Sand Silt Clay No. Series fraction fraction fraction 
1 Lindley 7 22 71 
2 Clyde 2 27 71 
3 Harpster 7 20 73 
4 Glencoe 2 21 77 
5 Okoboji 4 38 58 
6 Marcus 1 23 76 
7 Nicollet 9 18 73 
8 Superior V 2 34 63 
9 Superior C 3 30 67 
10 Nicollet V 4 20 76 
11 Nicollet C 5 19 76 
12 Webster V 5 24 71 
13 Webster C 4 21 75 
The weight of total phosphorus present in each fraction 
expressed as a percentage of the total weight of total phos­
phorus recovered in all fractions. 
^ and C indicate a virgin soil (V) and cultivated 
counterpart (C). 
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Table 75»  Percentage distribution of organic phosphorus among 
soil particle-size fractions 
Percentage distribution 
of organic phosphorus^ 
No, 
Soil 
Series^ 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
1 Lindley 0 6 94 
2 Clyde 1 22 77 
3 Harpster 1 10 89 
4 Glencoe 1 10 89 
5 Okoboji 0 18 82 
6 Marcus 0 5 95 
7 Nicollet 1 5 94 
8 Superior V 2 27 71 
9 Superior C 1 17 83 
10 Nicollet V 0 5 95 
11 Nicollet C 0 3 97 
12 Wcbstsr V 0 O u 92 
13 Webster C 0 17 83 
^The weight of organic phosphorus present in each frac­
tion expressed as a percentage of the total weight of organic 
phosphorus recovered in all fractions, 
^ and C indicate a virgin soil (V) and cultivated 
counterpart (C). 
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Table 76.  PercentaRe distribution of inorganic phosphorus 
among soil particle-size fractions 
Percentage distribution 
of inorganic phosphorus^ 
Soil 
•u Sand Silt Clay 
No. Series fraction fraction fraction 
1 Llndley 13 38 49 
2 Clyde 5 37 58 
3 Harpster 10 27 63 
4 Glencoe 2 26 72 
5 Okoboj1 5 45 50 
6 Marcus 1 36 63 
7 Nicollet 15 27 58 
8 Superior V 3 38 59 
9 Superior C 4 36 60 
10 Nicollet V 5 27 68 
11 Nicollet C 6 24 70 
12 Webster V 10 4-0 50 
13 Webster G 8 24 68 
The weight of inorganic phosphorus present in each 
fraction expressed as a percentage of the total weight of 
inorganic phosphorus recovered in all fractions. 
\ and G indicate a virgin soil (V) and cultivated 
counterpart (C). 
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Table 77» Percentage distribution of total phosphorus among 
clay-size fractions of soils 
Percentage distribution 
of total phosphorus^ 
Coarse Medium Pine 
clay clay clay 
fraction fraction fraction 
1 Lindley 26 37 37 
2 Clyde 49 32 19 
3 Harpster 27 36 37 
4 Glencoe 28 32 40 
Soil 
No. Series 
&The weight of total phosphorus present in each fraction 
expressed as a percentage of the total weight of total phos­
phorus recovered in all fractions. 
Table 78. Percentage distribution of organic phosphorus among 
clay-size fractions of soils 
Percentage distribution 
Soil Coarse Medium Pine 
clay clay clay 
No. Series fraction fraction fraction 
1 Lindley 30 44 26 
2 Clyde 46 35 19 
3 Harpster 27 35 38 
4 Glencoe 27 39 34 
^The weight of organic phosphorus present in each fraction 
expressed as a percentage of the total weight of organic phos­
phorus recovered in all fractions. 
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Table 79» Percentage distribution of inorganic phosphorus 
among clay-size fractions of soils 
Percentage distribution 
of inorganic phosphorus^ 
Coarse Medium Fine 
clay clay clay 
fraction fraction fraction 
1 Lindley 18 25 57 
2 Clyde 61 21 18 
3 Harpster 28 37 35 
4 Glencoe 29 26 45 
Soil 
No, Series 
®The weight of inorganic phosphorus present in each frac­
tion expressed as a percentage of the total weight of inorganic 
phosphorus recovered in all fractions. 
Table 80. Total aluminum contents of soil particle-size fractions 
Total aluminum contents (%) 
No 
Soil 
. Series 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine clay 
fraction 
1 Lindley 1.70 3.10 10.4 8.16 11.6 11.5 
2 Clyde 2.36 3» 66 7.97 7.13 8.90 9.63 
3 Harps ter 3.48 4.07 7.68 6.05 8.00 8.49 
4 Glencoe 3.75 4.16 8.84 6.82 9.84 10.3 
Table 81. Total iron contents of soil particle-size fractions 
Total Iron contents (%) 
No 
Soil 
Series 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine clay 
fraction 
1 Lindley 0.394 0.556 4.51 3.08 4.94 6.27 
2 Clyde 1.35 1.06 4.17 3.68 4.47 4.86 
3 Harpster 0.424 0.785 3.76 2.65 4.10 4.62 
4 Glencoe 0.473 0.693 4.58 2.45 4.59 6.34 
Table 82. Total calcium contents of soil particle-size fractions 
Total calcium contents {%) 
No. 
Soil 
Series 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine clay 
fraction 
1 Lindiey 0.268 0.399 0.858 0.706 0.859 1.12 
2 Clyde 0.487 0.472 0.875 0.807 0.861 0.921 
3 Harpster H
 
O
 
ON
 
3.35 4.41 2.77 2.22 1.97 
4 Glencoe 0.804 0.905 1.83 1.92 1.71 1.56 
Table 83.  Total magnesium contents of soil particle-size fractions 
Total magnesium contents {%) 
Coarse Medium 
Sand Silt Clay clay clay Pine clay 
No. Series fraction fraction fraction fraction fraction fraction 
1 Lindley 0.0368 0.0984 0.809 0.598 0.886 0.982 
2 Clyde 0.0747 0.200 0.721 0.628 0.787 0.826 
3 Harpster 0.129 0,310 0.870 0,605 1.06 0.965 
4 Glencoe 0.134 0.259 
H
 
H
 
H
 0.789 1.17 1.38 
Table 84. Total potassium contents of soil particle-size fractions 
Total potassium contents {%) 
Mo. 
Soil 
Series 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine clay 
fraction 
1 Lindley 0,944 1.45 1.71 2.15 1.76 1.08 
2 Clyde 0.987 1.54 1.13 1.43 1.06 0.757 
3 Harpster 1.36 1.56 1.03 1.46 1.09 0.768 
4 Glencoe 1.16 1.58 1.50 1.75 1.57 1.20 
Table 85» Total isodium contents of soil particle-size fractions 
Total sodium contents (%) 
._ Coarse Medium 
—— Sand Silt Clay clay clay Fine clay 
No. Series fraction fraction fraction fraction fraction fraction 
1 Lindley 0.485 0 942 0,14? 0.324 0.0894 0.0104 
2 Clyde 0.965 1,.02 0.121 0.204 0.0596 0.0306 
3 Harpster 1.39 1 ,.16 0.0964 0.263 0.0710 0.0199 
4 Glencoe 1.36 1.14 0.133 0.297 0.0632 0.0278 
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Table 86, Percentage distribution of total aluminum among 
soil partiels-size fractions 
Percentage distribution 
of total aluminum^ 
Sand Silt Clay 
fraction fraction fraction 
1 Lindley 17 38 45 
2 Clyde 6 41 53 
3 Harpster 24 33 43 
4 Glsïïcoe 5 28 66 
^The weight of total aluminum present in each fraction 
expressed as a percentage of the total weight of total 
aluminum recovered in all fractions. 
Soil 
No, Series 
Table 87. Percentage distribution of total iron among soil 
particle-size fractions 
Percentage distribution 
of total iron* 
Sand silt Clay 
No, Series fraction fraction fraction 
1 Lindley 13 22 65 
2 Clyde 8 27 64 
3 Harpster 10 21 69 
4 Glencoe 2 12 86 
&The weight of total iron present in each fraction ex­
pressed as a percentage of the total weight of total iron 
recovered in all fractions. 
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Table 88, Percentage distribution of total calcium among soil 
particle-size fractions 
Percentage distribution 
of total calcium^ 
Sand Silt Clay 
fraction fraction fraction 
1 Lindley 24 43 33 
2 Clyde 11 42 47 
3 Harpster 12 46 42 
4 Glencoe 6 29 65 
&The weight of total calcium present in each fraction 
expressed as a percentage of the total weight of total calcium 
recovered in all fractions. 
Table 89. Percentage distribution of total magnesium among 
soil particle-size fractions 
Percentage distribution 
of total magnesium^ 
No, Series 
— Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
1 Lindley 8 23 69 
2 Clyde 3 31 66 
3 Harpster 11 31 
00 
4 Glencoe 2 17 81 
Soil 
No, Series 
^The weight of total magnesium present in each fraction 
expressed as a percentage of the total weight of total mag­
nesium recovered in all fractions. 
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Table 90» Percentage distribution of total potassium among 
soil particle-size fractions 
Percentage distribution 
of total potassium^ 
Sand Silt Clay 
fraction fraction fraction 
1 Lindley 28 51 21 
2 Clyde 10 63 27 
3 Harpster 34 46 20 
4 Glencoe 7 45 48 
Soil 
No, Series 
®The weight of total potassium present in each fraction 
expressed as a percentage of the total weight of total potas 
sium recovered in all fractions. 
Table 91» Percentage distribution of total sodium among soil 
particle-size fractions 
Percentage distribution 
of total sodium^ 
Sand Silt Clay 
fraction fraction fraction 
1 Lindley 29 67 4 
2 Clyde 18 77 5 
3 Harpster 49 48 3 
4 Glencoe 18 73 9 
No. Series 
^The weight of total sodium present in each fraction ex­
pressed as a percentage of the total weight of total sodium 
recovered in all fractions. 
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Table 92. Percentage distribution of total aluminum among 
clay-size fractions of soils 
Percentage distribution 
of total aluminum^ 
_ Coarse Medium Pine 
clay clay clay 
No. Series fraction fraction fraction 
1 Lindley 28 31 41 
2 Clyde ij-O 31 29 
3 Harpster 24 32 44 
4 Glencoe 26 28 46 
^The weight of total aluminum present in each fraction 
expressed as a percentage of the total weight of total 
aluminum recovered in all fractions. 
Table 93* Percentage distribution of total iron among clay-
size fractions of soils 
Percentage distribution 
of total iron^ 
Coarse Medium Fine 
clay clay clay 
No, Series fraction fraction fraction 
1 Lindley 23 28 49 
2 Clyde 41 30 29 
3 Harpster 20 32 48 
4 Glencoe 18 26 56 
®The weight of total iron present in each fraction ex­
pressed as a percentage of the total weight of total iron re­
covered in all fractions. 
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Table 9^. Percentage distribution of total calcium among 
clay-size fractions of soils 
Percentage distribution 
of total calcium^ 
Coarse Medium Fine 
clay clay clay 
fraction fraction fraction 
1 Llndley 28 26 46 
2 Clyde 29 27 
3 Harpster 36 30 34 
4 Glencoe 38 25 37 
Soil 
No, Series 
The weight of total calcium present in each fraction ex­
pressed as a percentage of the total weight of total calcium 
recovered in all fractions. 
Table 95» Percentage distribution of total magnesium among 
clay-size fractions of soils 
Percentage distribution 
 ^  ^^  X" T —* — 0» 
Coarse Medium Fine 
clay clay clay 
fraction fraction fraction 
1 Llndley 26 30 4'i, 
2 Clyde 40 31 29 
3 Harpster 20 37 43 
4 Glencoe 24 26 50 
Soil 
No. Series 
^The weight of total magnesium present In each fraction 
expressed as a percentage of the total weight of total mag­
nesium recovered in all fractions. 
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Table 96.  Percentage distribution of total potassium among 
clay-size fractions of soils 
Percentage distribution 
of total potassium* 
goil Coarse Medium Pine 
clay clay clay 
No. Series fraction fraction fraction 
1 Lindley 4? 29 24 
2 Clyde 57 26 1? 
3 Harpster 40 31 29 
4 Glencoe 40 2? 33 
The weight of total potassium present in each fraction 
expressed as a percentage of the total weight of total potas­
sium recovered in all fractions. 
Table 97. Percentage distribution of total sodium among clay-
size fractions of soils 
Percentage distribution 
of total sodium* 
Soil 
No, Series 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine 
clay 
fraction 
1 Lindley 80 17 3 
2 Clyde 79 14 7 
3 Harpster 73 20 7 
4 Glencoe 79 12 9 
®The weight of total sodium present in each fraction ex­
pressed as a percentage of the total weight of total sodium 
recovered in all fractions. 
Table 98. Fixed ammonium N contents of soil partlcle-slze fractions 
Fixed ammonium N contents^ (ppm) 
No. 
Soil 
Series^ 
Sand 
fraction 
Silt 
fraction 
Clay 
fraction 
Coarse 
clay 
fraction 
Medium 
clay 
fraction 
Fine 
clay 
fraction 
1 Lindley 10(10.9) 49(10.9) 221 (3.9) 213 (4.0) 256 (4.3) 135 (2.2) 
2 Clyde 12 (2.5) 116 (6.4) 242 (2.8) 268 (3.2) 256 (3.0) 161 (1.8) 
3 Harpster 13 (5.2) 88 (3.9) 218 (2.5) 208 (1.8) 271 (2,9) 159 (2.2) 
4 Glencoe 16 (2.1) 143 (4.4) 354 (4.3) 405 (3.8) 372 (4.3) 250 (4.5) 
5 Gkoboji 0-1 (0.8) 126 (2.1) 295 (2.4) 
6 Marcus 1 (0) 143(13.2) 326 (4.9) 
7 Nicollet 13(39.2) 92(11.6) 279 (5.5) 
8 Superior V 13 (0.4) 65 (3.0) 179 (2.4) 
9 Superior C 7 (1.4) 68 (5.9) 197 (5.9) 
10 Nicollet V 22 (2.6) 115 (5.7) 253 (2.6) 
11 Nicollet C 22 (7.9) 132(12.6) 302 (4.5) 
12 Webster V 19 (2.0) 102 (4.0) 193 (1.9) 
13 Webster C 20 (6.0) 120(10.3) 300 (4.3) 
^The figures In parentheses indicate fixed ammonium N calculated as a percentage 
of total N. 
^ and C indicate a virgin .soil (V) and cultivated counterpart (C). 
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Table 99. Percentage distrlbutica of fixed ammonium N among 
soil particle-size fractions 
Percentage distribution 
cif fixed ammonium 
Soil Sand Silt Clay 
No. Series^ fractior. fraction fraction 
1 Lindley 6 36 58 
2 Clyde 1 # 55 
3 Harpster 4 36 60 
4 Glencoe 1 26 73 
5 Okoboji 3 k o  57 
6 Marcus 0 4-0 60 
7 Nicollet 7 30 63 
8 Superior V 1 37 62 
9 Superior G 1 31 68 
10 Nicollet V 3 35 62 
11 Nicollet C 3 36 61 
12 weoster V 3 36 6l 
13 Webster C 2 35 63 
^The weight of fixed ammoniuii N present in each fraction 
expressed as a percentage of the total weight of fixed 
ammonium N recovered in all fractions. 
^ and C indicate a virgin soil (V) and cultivated 
counterpart (C). 
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Table 100. Percentage distribution of fixed ammonium N among 
clay-size fractions of soils 
i.Percentage distribution 
of fixed ammonium N 
Coarse Medium Pine 
clay clay clay 
fraction fraction fraction 
1 Llndley 39 36 25 
2 Clyde 52 31 17 
3 Harpster 30 40 30 
4 Glencoe 42 28 30 
Soil 
No. Series 
&The weight of fixed ammonium N present in each fraction 
expressed as a percentage of the total weight of fixed ammoni­
um N recovered in all fractions. 
